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DEXTEROUS EXTERNAL SPACE MANIPULA TION:
SERIAL OR PARALLEL CONCEPTS COMPARISON

D. Alazard — J.P. Chrétien

CERT/DERA
2, Avenue E. Belin

TOULOUSE
France

Abstract: Within the external spacemanipulationframework,we compare two conceptsto
achievean accuratepositioningof themanipulatorendeffector.Thefirst oneinvolvesa serial
mini-manipulatorinsertedbetweenthe externalspacemanipulator (macro-manipulator)and
the end effector. Then,an anchoragemechanismis required to provide a hold point to the
macro / mini manipulatorsinterface.Thissolutioncanbecalled: staticpositioningof themini-
manipulatorbase. The anchoragesystemstiffnessis then discussed.In the secondconcept,
themini-manipulatorserial architecture is replacedby a light parallel architecture. Themacro
manipulatoris thenusedto providea dynamicpositioningto themini-manipulatorbaseby the
meanof a coordinatedcontrol schemebetweenboth manipulators.

Keywords: SPACE MANIPULATORS — SERIAL ARCHITECTURE — PARALLEL AR-
CHITECTURE — FLEXIBLE MODES — COORDINATED CONTROL — DEXTEROUS
MANIPULATION

Intr oduction
The dynamicCartesianpositioningaccuracyof a ma-
nipulator controlled from proximity information de-
pendsupontheartificial stiffness(createdby thecontrol
law) betweenits baseand its end effector. This stiff-
nessis directly given,via the Jacobiantransformation,
by the proportionalgainsof joint positionservo-loops
i.e. theclosedloop joint dynamic. In thecaseof anex-
ternalspacemanipulatorjoints like ERA or RMS, we
haveshownin a previouspaper[1] that this dynamic
is limited by the joint cantileveredpulsationwhich is
alwaysvery low becausetheinertiaseenfrom thejoint
is very large (by the fact of very long beams)andthe
in-joint complianceis low (the0g environmentandthe
weight constraintsyield to a very light motorization
with a too flexible gear-box).Then,sucha manipula-
tor cangeneratea very large work-spacebut doesnot
allow to point its endeffector with a precisionunder1
centimeter(Fig 6). Staticpositioningerrorscanbeim-
provedby control tricks suchasintegralterms,friction
feedforwardcompensationsor gainsw.r.t configuration
updating.But theseartificesdo notpermit to obtainthe
dynamicperformancerequiredto drive back dynamic
perturbations(for instance:carriervehiclemotion, dry
friction or motor harmonicdisturbance)at the time of
path tracking tasks. For thesetasksor for manipulat-
ing small objects,a dexterousmanipulator(or mini-
manipulator)insertedbetweenthis macro-manipulator
and its end effector is neededto get a sharppointing
(precisionunder 1 millimeter).

This work has been performed under contractsgranted by
C.N.E.S.— CentreSpatialdeToulouse(France)underthe technical
managementof M. Maurette

To reacha suchprecision,two solutionscanbe inves-
tigated:

• a stabilizationdevice(or anchoragesystem)linking
themacroandmini manipulatorsinterfaceto a mas-
sivebody(thechaser,thetargetor anyothermassive
spacecraft)may be usedto immobilize the lastbody
of the macro-manipulatorand to provide an hold
point to the baseof the mini-manipulator. We will
call this solution: staticpositioningof the dexterous
manipulator.Thestabilizationdevicewill haveonly
a few distantspacedistributedanchoragepoints. So,
the mini-manipulatormust havean adequatereach-
ablearea(typically: 2 meters): the bestmechanical
designis thena serialarm involving non-negligible
inertiasandsonon-negligiblemacro/minimanipula-
tors dynamic coupling terms. Theseterms do not
enablea coordinatecontrol of both manipulatorsas
will be proposedin the secondsolution. It will be
also shown that the carrier arm with all its joints
brakedcan not provide a stablebaseby the fact of
the in-joint and beamdistributedflexiblities and so
justify theanchoragedevice.Thentheproblemis to
specify, accordingto the mechanicalcharacteristics
of both manipulators,the stiffnessand the damping
of this anchoragedeviceallowing end effector mo-
tionswith the requiredspeedandaccuracy.(seeFig
7)

• the dexterousmanipulatorhavea sufficient dynamic
to guaranteetherequiredendeffectorpositioningac-
curacyin thepresenceof residualmotionsof its base
anddisturbancescausedby thedynamiccouplingbe-
tweenthe dexterousandthe carriermanipulator.To
minimize thesedisturbances,the mini-manipulator
must be light and fast and so, the bestmechanical



design is a parallel arm. The working spaceof a
suchmanipulatoris too small, so this solution will
use the macro manipulatorto carry out a dynamic
positioning of thedexterousmanipulatorbaseby the
meanof acoordinatedcontrolsharingthemotionbe-
tweenthelow dynamiccomponent(controlledby the
macro manipulator)and the high dynamic compo-
nent(controlledby the dexterousmanipulator).The
feasibility of a suchcontrol from the only proxim-
ity informationmustbe provedandan evaluationof
the servo-loopbandwidthsof both manipulatorsis
needed. (seeFig 8)

This paperis divided in threesections. The first one
summarizesthe variousassumptionsunderwhich the
comparisonwill be done. The dynamicperformances
of the macromanipulatorequippedwith a proximeter
arepresentedto justify the needof a dexterousmanip-
ulator.

Thesecondandthe third sectionwill bedevotedto the
serialandtheparallelconceptsrespectively.Modeling,
control andsimulationconsiderationsareproposedfor
both solution.

1 Generalities

1.1 Simulation assumptions

For eachconcept,severaldynamicperturbationshave
beentaken into account:

• carrier vehiclemotion (accelerationsdue to its own
AOCS)

• in-joint dry ant viscousfriction
• proximity measurementnoise
• joint positionencoderandtachometerquantizations

The mostdeterminantperturbation([2]) is the in-joint
dry friction which obligesus to drive hard the control
gains. So, the most representativecriterium to decide
betweenthedifferentconceptsis thegreatestCartesian
position servo-loopbandwidth.

In order to simplify the various analysiswhich will
follow, we will assume,here, that the carrier vehicle
is fixed.

Theprescribedreferencemotiononwhich thesolutions
will be validatedis composedof two successiveand
oppositepositionrampsandcanrepresentstheresidual
motion of a target which is roughly stabilized (see
fig 10). On a

�����
horizon the motion magnitudeis� �����

along 	 axis (in the manipulatorplane) and
 ���
along � axis (transverseaxis; seefigure 6 for

axis orientation).

1.2 Macro manipulator dynamic

The macromanipulatorgeometricskeletonis roughly
displayedon figure 6. The joint configuration(from
theshoulderto theendeffector) chosento comparethe
different solutionsreads: ���������������������������! 
andcorrespondsto a middleplanarconfigurationwith-
out any kinematic similarities.

The total arm lengthis "$# 
 � andthe variousjoints, in
the middle configuration,bearthe inertias %�& given in
the table 1 with the correspondingstiffness ')( , rotor
inertias %+* andcantilevered,.- andfree ,./ pulsations.

joint
0�12436587 2:9;45=<�>�? 0A@24365B7 CED>�?6<GF C.H>�?6<GF

1 1000. 200000 33.75 14. 78.
2 1000. 200000 33.75 14. 78.
3 550. 200000 18. 19. 107.
4 30. 200000 3.75 81. 250.
5 15. 200000 3.75 115. 260.
6 4. rigid 3.75 / /

Table 1 Joint dynamicparametersof macromanipulator

We cannotice(mainly for thebothshoulderjoints and
the elbow joint) a very low cantileveredw.r.t freepul-
sation ratios. In [1], we haveshown that this pulsa-
tion ratio is the joint basicparameterwhich determines
thegreatestjoint bandwidthachievablewith theclassi-
cal proportionnal-derivativecontrol. This limit is also
reducedby dynamiccouplingsbetweenthe six joints
which spreadout the closedloop eigenvalueson the
real axis andso candestabilizethe systemat the time
of the sampling. Furthermore,an isotropic Cartesian
behavioryields to tune eachjoint with the samedy-
namic([2]). Consideringa IGJGJGK=L samplerate,thebest
closedloop dynamichavebeenobtainedwith a local
P.D. control tunedover dampedat CNMPO >�?Q<GF . From
the proximity information R�S and joint ratemeasure-
ments TU , the macro manipulatorcontrol requiresthe
inverseJacobiantransformationand reads:VXWZY�[]\�^�_a`�bdcQe fhg�ikjmlmnpopqsrut�v wxvzy{}|w�~���������� (1)

Thesimulationof the macromanipulatorcontrolledby
suchacontrol law is displayedon figure10 andreveals
importanttracking errors(over 1 cm in any direction)
and so justifies a dexterousmanipulatorto reachthe
requiredaccuracy.

2 Serial concept

2.1 Dynamic model

A roughsketchof the setcomposedof the macroma-
nipulator,themini manipulatorandthe anchoragesys-
temis displayedonfigure7. Thegeo-dynamicskeleton
of the mini manipulatoris modeledon the macroma-
nipulator with a smallerscale. Its deployedlength is���������

andthejoint configurationis symmetricalto the
macro manipulatorone, let (from the shoulderto the
end effector):� � ������� � ��r��G��� ���!�
Eachjoint hasa

�����4�
availabledrive torqueandbears

the following inertias:� ��� v�t��Gv����Gv � v � ��v � � v � ��� �
Thesedynamicparametersenableus to appreciatethe
greataccelerationability of this armandif we consider



it on a fixed base,thereare not any difficulties, from
classicalP.D. network like the previousone, to drive
hard the control gains until the requiredclosed loop
performancesarereached.So, the control of the mini
manipulatorwill not interestus any longer. We will
adoptthesamelaw asthemacromanipulatori.e (equa-
tion (1)): eachjoint is tunedover dampedat the same
frequency� on its current inertia; goodsresultshave
beenobtainedwith ���������
	��� . We prefer to high-
light herethedynamicparameters,in termsof stiffness
and dampingof the anchoragedevice.
Someextra assumptionshave to be addedhere: the
inner anchoragepoint connectedto the spacestation
in figure 7 will be supposedimmobile like the carrier
vehicle. Furthermoreand as a consequenceof mass
constraintswithin the spaceframework,the anchorage
devicemust be light w.r.t to the manipulators,so its
masswill be neglected.From the simulationpoint of
view, this assumptionenablesusto usemulti-bodydy-
namic softwarededicatedto flexible openchain. For
this application,we haveusedSMASPsoftware(Sim-
ulation d’un brasMAnipulateurSPatial[3]) which al-
lows to takeinto accountthe in-joint flexibilities, effi-
cient in-joint dry friction modelsandto applyexternal
forces on any point of any body. From the 12 d.o.f
chain representingthe set of both manipulators,this
last facility is usedto simulatedthe anchoragesystem
by computing the reactionwrench � applied by the
anchoragedeviceon the macromanipulatorlast body
(i.e. the mini manipulatorbase):�����������������������! �"���
where #%$ , &'$ designrespectivelythe anchoragestiff-
nessanddampingat the connectingpoint betweenthe
threesubsetsand (
)%$ the displacementof this point
w.r.t to theanchoragebase(all thesevariablesmustbe
expressedin the sameframe).
Then, the linear open loop joint dynamic model of
themini manipulatormountedon theflexible structure,
composedof the macromanipulatorin braking mode
andin parallelwith the anchoragesystem,reads:*,+.-/-0+1-32+425-6+427298 *4:; -:; 2<8>= * � -?- =A@ �/B- � � @ �-DCC C 8 *  ; - ; 2E8

= * � -?- =A@ �7B-F� � @ �- CC C 8 * ; -; 2 8 � * CG3H�IJH 8LK (2)

Theproximity measurementandthecontrol law reads:�"�M�N� 27OQP �SR @ O- @ O2UT * ; -; 2<89VK �W� -JX @ O2
Y7Z\[ �"�]�^��_ ; 2 Va`cbedgf� - �Ahjik� l�m5npo X +4272 Y V � _ �Aqr� hs� lJmtnJo X +4272 Y (3)

where:

•
; -

macromanipulatorjoint d.o.f vector
•
; 2

mini manipulatorjoint d.o.f vector
• K mini manipulatorjoint torquevector
•
� -?-

macromanipulatorjoint stiffnessmatrix
•
� -?-

macromanipulatorjoint dampingmatrix
(negligible)

• @ �- macromanipulatorJacobian(at the
anchoragepoint)

• @ O- macromanipulatorJacobian(at the end
effector)

• @ O2 mini manipulatorJacobian(at the end
effector)

•
* + -/- + -u2+425-0+>272 8total joint massmatrix

It canbe easilyshownthat the nominalcontrol tuning
(�v�w�k�r�J	L�r ) becomesunstablewhen the stiffness
alone of the macro manipulator (without anchorage
system)is used. This unstablebehavior is the result
of the non-collocationbetweenthe mini manipulator
actuatorand the absoluteposition measurement(w.r.t
the inertial frame) provided by the proximeter and
canbe betterapprehendedon the following equivalent
mono-dimensionalcase:

X

ur

qrqp

mrm p

k

Figure 1 Equivalentmono-dimentionalmodel

whereindexesx and y are relative respectivelyto the
macroandmini manipulatorparameters.If we neglect
the dissipative terms, the open loop model is then
reducedto:*tz|{1}Sz�~�z'~z�~ z'~L8 *<�� {�� ~98 } *t����w�\8 * � {� ~98�� *7�� 8
This equationis characterizedby two dynamicparam-
eters:

• the free pulsation:��� ��� ��s�
• the cantileveredpulsation:�j� ��� ��c�p�\���
We haveshownin [2] that the control law:

� � z�~ �j�
��� ~ �g��� ��� �S� z'~ �^�� ~¡ 
is stableas long as the tuning verifies:

�£¢N�j�s¤p¥s¦ { � z�~ � � ¢ �§ }Sz|{J¨Jz�~ (4)

This conditionshowshow the anchoragestiffnessand
the both manipulatormassratio limit the closed-loop
bandwidth.

2.2 Anchorage stiffness and damping analysis

In the multi-dimensionalcasewhich interest us, the
stability condition(4) dependsstronglyupon the three
subsetconfigurationsandcannot besimply expressed.
In order to reducethe parametricvariations,we have
consideredan anchoragedevise working only along
the threetranslationswith an isotropicbehavior,let (in



the nominal
���������

frame attachedto the anchorage
point):

�
	������������������������� �"!
# 	 ��$�%�$���&� �������� �'!

The multi-variable roots locus displayedon figure 2
and 3 representthe evolution of the closed-looplow
frequenciesdynamic(from equations(2) and(3)) with
respectrespectivelyto the reducedanchoragestiffness
(
�)(��*(,+��-�$�$�/.10�2435��,�76

) andthereduceddamping
anchorage(

�8(9:(;+<�$���1.:=>0�2?3@�:�;�76
).
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Figure 2 Dynamicevolutionw.r.t anchoragestiffness
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Figure 3 Dynamicevolutionw.r.t anchoragedamping

On bothplots,we cannotethemacromanipulatorjoint
flexible modescoupledwith themini manipulatorrigid
modes. The two lowest flexible mode are unstable
for ACBED F and GHBIDJF . For higher values of the
stiffnessA (Fig 2), flexible modesaredriven far on the
imaginaryaxis while rigid modesare attractedto the
ideal cantileveredclosed-loopdynamic(obtainedwith
a fixed base).This cantilevereddynamicrepresentsthe
transmissionzerosof themultivariabletransferbetween
the force wrench and the position at the anchorage

point. The sameremarkscan be doneon figure 3 but
flexiblemodearenowdrivenfar on thestablerealaxis.

If we considerthe residuesof the first flexible modes,
seen from the end effector position, we can notice
([2]) that they can be soon reducedas the anchor-
agestiffnessincreases:for the value we havechosen
( AKBML<D7DNDND$OQP7R ) flexible modesare quasiunobserv-
able from endeffector position. Higher valuesshould
certainlygive betterresultsbut shouldnot be compat-
ible with a negligiblemassanchoragesystem.

The anchoragedamping is naturally more efficient
to stabilize the closed loop system,but an adequate
value like GSBTL<D7DNDNOVU$PNR is not realist and can
not be reachedwith the natural dampingof the ma-
terial which are liable to be used for the anchorage
device in the spaceenvironmentframework. An al-
ternativeconsistsin creatingartificial damping from
the macromanipulatorjoint whosestiffnessareredun-
dant with the anchoragesystemones. So, the solu-
tion we havefinally adoptedusesthe anchoragesys-
tem (with AWBSL<DNDNDNDNO:PNR and GXBYDNOZU�PNR ) to hold
the mini-manipulatorbasealongtranslationald.o.f, the
three wrist joint of the macro-manipulatorin braking
mode to hold this basealong rotational d.o.f while
the two shoulderjoints and elbow joint of the macro-
manipulatorareservo-loopedon their currentpositions.
The global stiffnessis then reducedbecauseposition
servo-loopproportionalgainsare lower than the cor-
respondingjoint stiffness, but the artificial damping
createdby the derivativetermsenableto increasethe
global closed-loopdynamic.

2.3 Simulation results

The time responseof the end effector along the nom-
inal motion is displayedon figure 10 and revealssig-
nificant improvementw.r.t the solution obtainedwith
the macro-manipulatoralone. Only the trackingerrors
along the [ axis derivedfrom in-joint dry friction is
abovethe specifications.

3 Parallel concept
Figure9 showsa roughsketchof theparalleldexterous
manipulator(from CNES data).

Geometric,kinematicand dynamic modelsof such a
Stewart like platform are heavy to be presentedhere
and have already been the subject of severalpapers
[4]. Analytical models which takes explicitly into
accountthe joint constraintshavebeenestablishedand
are detailedin [5]. Theseresultshavebeenvalidated
with a multi-body dynamic softwarecalled SDFAST
which is a powerfultool for mechanismwith kinematic
loops consideringthe complexity of this problem: 20
bodies(2 plates,6 rotors,6 pistonsand 6 cylinders),
30 d.o.f for the openchain and 18 joints constraints.
We just want to highlight some specific featuresof
this particularparallelstructurefrom thekinematicand
dynamic behaviorspoint of view and which will be
determinantfor the control design.



3.1 Kinematic model

For parallelstructure,the inversekinematicmodelcan
be expressedmoreeasily than direct model which re-
quires thereforeone matrix inversion. In the middle
configuration,the inverseJacobianmatrix

������ of point�
(the end effector center)w.r.t the lower plate writ-

ten in the frame � reads:�						


�� ����� � ��� ����� ����� ����������� ����� ��� �������� ��� � ��� ����� ��� ���� ����� ���������� ������� ��������� � ���!����� ��"������� ���������� ���������� �"������ ��������� �#��������� ��"� ��� ���� ��� ����� ����� ����$��� ��� ��� ����� ����� ��"������� ���� ��� ����� ��� ����$��� ��� ��� ����� ����� ��"� ��� ���� ����� ���� ��� �"���

%'&&&&&&
(

Note: The joint coordinatesare the jack length varia-
tions (m) andupperplate linear andangularvelocities
are expressedin m/s and rd/s respectively.

We can notice the low valuesof fourth colon. If we
considernow the elementaryjack stiffness ) alongits
axis (i.e. the proportionalgain of its position servo-
loop or thereal jack stiffnessif it is locked),theglobal
Cartesianstiffnessseenfrom the endeffector reads:*,+.-0/214365 � � ��7 �,3

����8"�
� 						


�"�9����� � � � � �� ����� � � � �"�� � ����� � ���"� �� � � ��� � � �� � ���"� � ��� �� �"� � � � �"�

% &&&&&&
(

andexhibitsa very greatstiffnessalong �;: axis (a six
parallel jacksset)but a very low onearoundthis axis.
Thisparallelmanipulatorhasnotanisotropickinematic
behaviorin Cartesianframeandis not suitableto con-
trol themotionaroundits symmetricalaxisandso, that
justifies the terminal rotation. In order to simplify the
problemandconsideringthat this d.o.f. doesnot have
to work at the time of linear motions (which are the
most demonstrativeof spacemanipulations),we have
not takeninto accountthis terminal rotation.

3.2 Dynamic model

The main dynamiccharacteristicof this conceptis the
electricmotorizationbecausethe greatscrewtransmis-
sion ratio ( <�=�>�?�@�A�BDC�E ) leadsto very importantappar-
entmassesof rotor inertias. Indeed,in middleconfigu-
ration, theCartesiandynamicmodel(massmatrix) F �
at the end effector center(

�
) and projectedin fixed

frame � reads:�						


���$� � � � � �� ���� � � � � �"��� �� � ����� � � �"��� � �� � � ��� ��� � �� � �"��� � � ��� $� �� ����� � � � � ��� $��

%'&&&&&&
(

and revealsa GIH J tons massalong �K: axis and there-
fore,anon-isotropicCartesiandynamicbehavior.Note
that the accelerationability doesnot suffer of sucha
massbecausethe driving forcealongthis axis benefits

also by this transmissionratio: each jack can apply
a 850 N force along its axis. But in nonesymmetric
(w.r.t to �;: axis)configurationcases,this rotorsappar-
entmassrevealsnonnegligibleprojectionsalongtrans-
verseaxis. Therefore,the Cartesiandynamicmodel is
very variantw.r.t theconfiguration.If weconsidernow
the joint dynamic model in the middle configuration�;L , which reads: M � 3N� 7� F � � � 3�						



����� �O����� � ���� � ��$�� �� ���� � �P�#��$�Q����� � ����� �P�#��$ ���� � �R$�� �� ��� ����� � �S�#��$ ���� �Q����� � ���� � ��$�� ����$�� �� ���� � �Q����� � ����� �P����$ ��� ����� � �R$�� �� ���� � �P�#��$ ����� �Q����� ��P�#��$ ���� � ��$�� �� ���� � �O����� � ����

%'&&&&&&
(

we cannoticevery greatdiagonalterms(rotor apparent
massin jack direction is equal to 450 Kg) which are
maintainedat the time of configurationchanges.

3.3 Control design

From thecontrol law synthesispoint of view, thesere-
sultsareessentials:the linearopenloop modelwithout
taking into accountcoriofugal termsor naturaldamp-
ing reads:

FNTVUXWOYZ[3\� ��7 T]UPW �_^a`#bM
TcUPWdYU 3 ^

Where e designsthe Cartesianposition six compo-
nentsvector; f , the generalizedjoint coordinatesvec-
tor and g the generalizedjoint forces vector (jack
forces).

It seemsnatural to tune the control gain on middle
dynamicmodel (real time gainsupdatingwith config-
uration requiresmassmatrix computationand cannot
be envisagedat the samesamplerate as the control).
Thentherearetwo well-knowncontrol lawswhich can
generateCartesianuncoupledmotions:
• a control basedon middle Cartesiandynamicmodel

which reads:^ 3\� 7 T]UPW'F �ih *kj T Z,/'l.m � Z Won *,poq,rZ,/'lVm � rZtsIu
and which is often used for parallel architecture
whosedynamicbehavioris governedby endeffector
mass/inertias.The closedloop characteristicequa-
tion then reads:

Fwv�xynzF � * p vdn{F � * j 3 � |�}|
• a control based on middle joint dynamic model

which reads:^ 3 M � � ��� T]UPW h *~j T Z�/2lVm � Z Won *,p�q rZ�/'l]m � rZ�sIu
more often usedfor serialmanipulator. The closed
loop characteristicequationbecomes:

Fwv x n � ��7 M � � ��� *�p vin � ��7 M � � ��� *~j�3 � |"}|



In bothcasesproportionalandderivativegains(
���

and���
) are tuned to get an isotropic Cartesianbehavior

( ���	��
��� ��������� ��������� 
�� ������� ) and lead, in the
middle configuration,to 12 eigenvaluesequalsto � .
But the evolutionof this closedloop dynamicw.r.t the
configurationare quite different:
• in the first case,there are someconfigurationsfor

which dynamiccouplingsdrive far on realaxisthese
12 eigenvaluesbetweena very fast value which
may becomeunstablewith sampling and a very
low value which may degradeclosed loop band-
width. (for instance,the joint configuration  !�" # � $&%'$(� # %'��)�� )&*�)(� +,).-�� ),��$(� *0/2135464�7 with�98;:(<>=@?>A(B leadsto : +�� ��)DCFEG3IH0JK7LCF*@*NM�+�+;O.P@Q@R
!!).

• in thesecondcase,this spreadingout is significantly
reduced( *�+��	CSE'3KH J 7TCU$�+(�VOWP�Q�R in the same
conditions)and so expressesthat dynamicbehavior
is governedby rotor inertiaswhoseamplificationby
transmissionratio squarefreezesthe joint dynamic
modelsfor any configuration.

So,paradoxically,wewill choosea tuningbasedon the
joint dynamicmodel to control this particularparallel
concept.Fromtheproximity information X@Y andjoint
ratemeasurementsZ \[ , this control reads:] �_^G`baKcedefN3g \7�� �����ihkjl%m��� Z [Gn
Note: From implantationpoint of view, this control
requiresonly inverseJacobiancomputationwhich is
straight.

3.4 Connection to the macro-manipulator

The control schemaproposedbelow (figure 4) is de-
rived from position-forcehybrid control architecture
developedin [6] for an active parallel wrist mounted
on a serial manipulator(SCARA). The proximity in-
formationavailability andthe absenceof force control
requirementallow to simplify the schema: the prox-
imity measurement( X�Y6o ) is sentstraightforwardlyto
the dexterousmanipulatorcontrolled by the previous
law while the macromanipulatoris servo-loopedonto
theCartesianpositionof theendeffector ( p�q�o ) (com-
putedvia thegeometricmodel)which is thencompared
to the oneobtainedif the parallelmanipulatorstaysin
the middle configuration( pLq�r ).
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Figure 4 Coordinatedcontrol design

By this way, the endeffector canfollow target motion
which presentshigh magnitudesat low frequenciesand
low magnitudesathighfrequencies.Thedexterousma-
nipulatorability to rejectperturbationdueto macroma-
nipulator motion dependsupon their respectiveband-
widths andcanbe illustratedon themono-dimensional
equivalentcase:
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U r

Q p

U p
pm rm

X

Figure 5 Equivalentmono-dimensionalmodel

whereindexess and t are relative respectivelyto the
macroandmini manipulatorparameters.Theopenloop
model is then reducedto:uKv�w v6xv x v xymz{xW|6}�~ ue�� w�� x0~�� u��ew� x0~��� � � w y � x
and coordinatecontrol simply reads:��w ��� ww � x�� � w���� w��x �T� xw�� � � � x� �� x �m�G�i�g� � � � � x5���G� �
It is easy to show that closed loop transfer function
reads: �� x��g���I�{� � � w �g�N�� w �g�N� � x �I�{� y�� �I�N� �¡ £¢>¤k¥�¤'¦
• � w �g�N� �F§�¨©�ªªe«k¬e © ª®©¯ªª°«�²± representsthecharacteristic

polynomialof themacro-manipulator(low dynamic),
• ³\´kµ «W¶\·;¸G¹�ºe»�¹�¼�½© ¹ª «�¬' © ¹®© ¹ª «G¾± representsthe char-

acteristicpolynomial of the mini-manipulator(high
dynamic),

• ¿.µ «N¶�·!¸£¹�»�¹�¼�½© ªª © ¹ª «kÀG ¸ ¹ © ¹®© ªª © ¹ª «kÁ\Â�»g¹�¼�½© ¹ª «�¬�Â ©¯ª®© ¹ª « repre-
sentsthe residue(macro-manipulatormassindepen-
dent) which expressesthat the low dynamic, seen
from the endeffector position,is not completelyun-
observable.

We haveshown in [2] that:
• this residue is all the more negligible since the

massratio ÃDÄ@Å�ÃÇÆ betweenthemini andthe macro-
manipulatoris low and since the tuning pulsation
ratio È Æ Å�È Ä betweenthe macroandthemini manip-
ulator is also low (assumingan over-dampedtun-
ing for both manipulator: ÉDÊË ·ÍÌ ÊIÎ Ï ¬ÊÑÐkÒ É²ÊÓ ·Ô Î Ì Ê Î Ï Ê'Õ�Ö Ò�×ÙØ ·FÚ£Û�ÜeÝ ),

• the rotor apparentmasshasnot significantinfluence
on the closedloop dynamicandon the residue,

• this residuevanishestotally if we considerthe fol-
lowing coordinatecontrol,which assumesat our dis-
posalthe endeffector Cartesianratemeasurement:Þ Ë · É ËË�ß ´ Â É ËÓ�àß ËÞ ´ · É ´Ë>ákâ Â É ´ÓãàáNâ



In our application,we can check that the equivalent
mono-dimensionalmassratio in eachCartesiandirec-
tion is alwaysvery low and the tuning of the control
laws presentedin previoussections(���������
	��� and������������	��� ) leadsto an suitablepulsationratio.

3.5 Simulation results

Simulation of the two manipulatorsset has beenled
with SDFAST softwareand requiredto take into ac-
count 26 bodies: 1 for the carrier vehicle, 6 for the
macro-manipulatorand19 for the parallelmanipulator
(the lower plateis now attachedto the macromanipu-
lator last body). We want to highlight 2 points:
• for thestudyof theparallelmanipulatorcantilevered

on a fixe base,it is possibleto omit the six rotor
bodiesby increasingthe jack pistonmasseswith the
correspondingapparentmasses.Thedynamicmodel
staysquiterepresentative,but it is no longerpossible
whenthis manipulatoris mountedon a moving base
becausethe inertial forces applied on this baseby
the mini-manipulatorwould no longerbe realistic,

• by comparisonwith the two othersolutionswe have
to note that macro-manipulatorrotor modesare not
takeninto account(in order to decreasethe number
of bodies).But this imperfectionis not determinant
in the parallel casebecausethe coordinatecontrol
doesnot requirehigh dynamicperformancesfor the
macro-manipulator(conditionon pulsationratio).

Thetimeresponseof theendeffectoralongthenominal
motion is displayedon figure 10. The tracking error
is negligible for any Cartesiandirection. It can be
shown[2] that the jack extensionsstayunder5 cm on
this 30 cm along Ax axis deployment.That gives an
ideaof the macro-manipulatorcontributionto increase
the mini-manipulatorwork-spacewithout performance
degradations.

Conclusions
This analysis,led aroundthe threesolutions:
• macro-manipulatorwith closedloop Cartesiancon-

trol by the meansof a proximity sensor,
• serial mini-manipulatorconceptand
• parallel mini-manipulatorconcept,
now enablesus to concludethat a dexterousmanipula-
tor is essentialto reacha closedloop bandwidth,able
to reject dynamic perturbations(mainly dry friction)
andto achievetrackingerror under1 mm. In the first
casethe bandwidthis limited by in-joint rotor mode

(4rd/s). In the secondcase,this is again the flexibil-
ity of thestructurecomposedof themacro-manipulator
in parallelwith the anchoragedevicewhich limits the
closedloop dynamic(20 rd/s) by the fact of the non-
collocationbetweenthe measurement(proximity sen-
sor)andthe control torques.Significantimprovements
can be done by creating artificial damping with the
macromanipulatorjoints whosestiffnessareredundant
with the anchoragesystem.Thebestresultshavebeen
carriedout with the parallelconcept(30 rd/s) but this
conceptinvolves a coordinatecontrol betweenthe 12
d.o.f. of the set of both manipulators.
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Figure 10 Comparativesimulation results


