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Abstract

Free-flying space robotic devices, in which manipulators are mountethomster-equipped spacecraftl assist in the
construction repairand maintenance o$atellitesand future spacestations. Operation in a free-floating mode, in which
spacecraft thrusters are turned off, increases a sysliéan’'sThe teleoperation dfee-floatingsystems iscomplicateddue to
the dynamic coupling between a system’s manipulator and its spacecraft. Controlling such a system usiegdbiadalis
not straightforward, especially when the task is to move the end-effector with respect to an inertially fixed taageltioin
free-floating systems are subject to path-deperidgnamic Singularitieswhich restrict the paths by whidPath Dependent

Workspacegoints can be reached. These characteristics can result in increased operator burden during system teleoperation.

teleoperation planning system to assist the operatorfigfedfloating spaceobot is presented.Given an initialand atarget
end-effectorlocation, and anoptional connecting pathhis systemexamines the feasibility akachingthe target from the
initial location. If a problem igletectedthe system proposes aiternative feasiblpath. An examplelemonstrates the
value of such a teleoperator planning aid.

1. Introduction

The proliferation of satellitesnd the anticipated development of spastationsand other space structures imrbit
increases the need for inspection, maintenance and construction capabfitiesstronaut Extra Vehiculahctivities (EVA)
will be valuable in all these operationgdowever, thecost of human life support facilities, the limited tiraeailable for
astronaut EVAandthe high risks involved, makspacerobotic devicesdesiredastronaut assistants or alternatives. To
increasethe mobility of suchdevices free-flying systems in which one or more manipulatare mounted on a thruster-
equipé)ed spacecraft, have been prop‘bgediowever, extended use of the thrusters severely limits the operational fliée-of
flyers™.

Operation in dree-floatingmode can increase a system’s6lil7e In this mode of operation, spacecraft thrusterduarned
off, andthe spacecraft ipermitted to translatandrotate in response to manipulatoiotions. Additional benefits ofthis
mode of operation includihe smoothness and-effectormotions, which isparticularly important when handling sensitive
payloadsandthe absence ofhruster gases that distusbace structureand co-operatingastronauts. Since thepacecraft
thrusters are not in use during this mode of operation, a free-floating system must have zeaodimegularmomentum to
avoid uncontrolled drift ospin™ 8 Any nonzeromomentum that magccumulate should bemovedeither by the use of
reaction wheels and/or by using the system’s thrusters.

Free-flying spaceobots will be initially undermanual or supervisory control. Asperatorworking in a short-sleeve
environment will commandsuch a robotreceiving visual information from the worksite.However, the existence of a
moving base résgacecraﬁ), makes the dynamics and control of free-floating space robatsnmpticatedthan those ofixed-
based systems”. This isdue tothe dynamiccoupling betweenthe spacecrafandits manipulator; thespacecraft of dree-
floating system will move in reaction of its manipulator motions. The dependent spacecraft motion introdudeyzepeémt
properties. For example, thapacecrafiorientation which will resultafter reaching aarget, will bedifferent from the
orientation which will result after reaching the same target, but following a different path than prgv?ously

In this paper, the teleoperation of free-floating systentorisidered. The goal is tocreate aeleoperation environment
which will allow anoperator tocontrol thespacerobot without having to think about its intrinsitynamicand kinematic
behavior. It is believed that in order to establish transparency in the control of such sygamegir@ware ofthe system
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kinematics and dynamiasust beused. Such alannerwill assist theoperator inchoosingappropriateend-effectopaths,
generate trajectories, avoid collisions with nearby objects, and display the sinmtdaied before it is executed. Therefore,

as a first step in developing such an operator aid, the kinematic and dynamic nature of freerfibatingsystems ibriefly
discussed, and their fundamental nonholonomic behavior explained. It is shown that free-floating systems are gathject to
dependentdynamic singularitieswhich are functions of the system mass propertéesl cannot bepredicted from their
kinematic structurePath Dependent Workspaca® defined in which locations may be reachable by specificamaheffector
paths. These characteristics can result in increased operator burden during system teleoperation. A planningassistem to
in the teleoperation of free-floating space manipulators by making their intricate dynamics transparent, is presented. Given a
initial and a target end-effector location, and an optional connecting path, this system examines the feas#aitibyingfthe
target from thanitial location. If a problem igletectedthe system proposes afternative feasiblgoath. Anexample
demonstrates the value of such a teleoperator planner.

2. Teleoperation of Free-floating Manipulators

Typical teleoperation systems consist of local and remote nodes. A local node consists of an operatoGarfingod
devices, of displayandother sensoryeedbackdevisesand of operatorsupport systems, like simulators, planners, etc. A
remotenodeconsists of a robotic system, includiitg sensorandcontrol computers. The system’s sensors may supply
internal state information, for exampjeint angle/ratefeedback provided byesolvers or tachometers, or external state
information, for example end-effector position/orientation provided by video cafierhs

When a remote node’s robotic system is a free-flying manipulator, the design of the teleoperatiomssttiatke into
account the effect of the free-flyer's moving base. One can distinguish two modes of motion control of a free-flyert, The firs
called Spacecraft-Referencéshd-Point Motion Control7, is the form of control in which the manipulatend-point is
commanded to move to a location fixed to its own spacecraft, or when a simple joint motion is commanded, such as when the
manipulator is to be driven at isdowedposition, seeFigure 1. Thesecondcalled Inertially-ReferenceBnd-PointMotion
Control, is when the manipulator end-point is commanded to move with respect to inertial space, see Figure 2.
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Figure 1. Spacecraft-Referenced End-Point Motion Control

The teleoperation of &ee-flyer during the Spacecraft-Referencdéind-Point Motion Control, isvery similar to the
teleoperation of a fixed-based robotic system. In fact, if the thrustargetssed tkeepboth theattitudeand orientation of
the spacecratft fixed, then this mode of control has identical requirements to those for a fixed-based system.

On the otheihand, ifthe robotic system idree-floating, then thespacecrafwill be reacting tothe motions of the
manipulator. Thealynamic equationselating actuatotorques tojoint accelerations havine same structure to those for a
fixed-based system, but the elements of the mass matrices are different. The result is that the tomofilescfquiredfor a
particular motion of a free-floating system will not be the same to the profile required for a fixed-based system. Hewever, th
kinematics of both thdree-floating and the fixed-basedsystemsare the same. Acamera fixed asome location of the
spacecraft will provide the same picture as a camera fixed at an equivalent locatifixedfbasedsystem. However,due to
the motion of the spacecraft, background objects fixed in inertial space will appear to be moving on the operator’s screen.
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Figure 2. Inertially-Referenced End-Point Motion Control.

During Inertially-Referencednd-Point Motion Control, théeleoperation of a spacebot whosespacecraft is fixed in
space byvirtue of its jet thrusters, has similaequirements tahose for a system with &ixed base. However, the
teleoperation of a free-floating system becomes a formidable task, because the operator will have to tenamdsetfector
to move with respect to inertial space, while the base is itself moving, reacting to the manipulator’s nio¢ipasding on
the system configuration, the saulisplacement or rate commafidm the operatorwill not havethe sameeffect to the
inertial motion of theend-effector. Ifthe manipulator isxtendedijts inertia will belarge and will disturb thespacecraft
significantly more than when it is folded. Therefore, the same operator command will reditférent basemotions which
in turn will result indifferent end-effectomotions. Anadditional problem exists when &ideo camera is fixed on the
spacecraft, seEigure 2 (a). In such a case, ted-effectowill appear in general to baoving at higher velocities, and
unless thecamera is reoriented, anertially fixed target maydisappeafrom the screen. These probleran increase the
burden placed on the operator of such system.

One feasible way ofeducingthis burden it is tohave a computer moduf#dan andupon approval from theperator,
execute a motion. Such a module must incorporate a detailed kinematic and dynamic model of the space robot. In addition, it
must include planningaidsthat will suggestppropriatepaths to the operator. In the next section we briefly present the



fundamentakinematicanddynamic modeling of free-floatingystems. Thalynamic behavior of free-floatingystems is
discussed in Section 4, while the teleoperator planner is discussed in Section 5.

3. Free-floating Manipulator Modeling

The kinematic and dynamic equations needed to model a rigid free-floating manipulator system, seevégeiobined in

detail in previous publicatior715 . A key feature ofthis modeling is expressing the kinematiad dynamic variables of the
system as functions of a set of constant lengibdy-fixed barycentricvectors. Thedynamicswere written using a

Lagrangian approach. Here the basic kinematic and dynamic equations are briefly reviewed.

The manipulator joint angleandvelocitiesare represented bipie N<1 column vectorg] andg . The spacecraft can
translate and rotate in response to manipulator movements. The manipuatmged to have revolytEnts and anopen
chain kinematic configuration so that, in a system with an N degree-of-freedom (DOF) maniphéatavjll be 6+N DOF.
Assuming that naexternal forces act othe system, the systenenter ofmass CM) doesnot accelerateand the system
linear momentum is constant. With thether assumption oferoinitial momentum, the syster@M remainsfixed in
inertial space, and can be taken as the origin of a fixed frame of reference.

End-Effector

N DOF
Manipulata

Denotes body

Spacecraft center of mass

(body 0)

Figure 3. A spatial free-floating manipulator system.

It can beshown that in theabsence of externabrques,and for zeroinitial linear momentum, theconservation of

momentum equation resulti:
00)0 = -t 0qu Q)

Whereom0 is thespacecrafangular velocityexpressed in a frame fixed to it (frabg °Dis the X3 inertia matrix of the
system expressed infaame with the same orientation dsame Obut located atthe systenCM, and’D _is a &N mixed
inertia matrix. Botf’D and’D_ are functions of the configuratiaponly, and theycan bewritten as functions of thbody-
fixed barycentric vectofs The inverse ofD always exists because the system inertia matrix is positive definite.

The end-effector inertial linear and angular velocit'i%sande, are functions of the jointatesq and ofthe spacecraft
angularvelocity, 00)0. Equation (1) can baesed toexpressomo as a function ofy , andhence to derive a free-floating
system’s Jacobiah, defined by:

[foo.]" =3 q )



whereJ" is a function of the orientatio® of the spacecraft, and givenaoy
J(©,0) = diag(T(©),T®)) I () 3)

T,(©) is a rotation matrix which describes the orientation of the spacecraft. Due to Equatiﬁnc(&r)endmot only on the
kinematic properties of the system, but also on configuration dependent mass properties, i.e. Tetedore the singular
configurations for a free-floating system, i.e. ones in whicthas rank less than six, are not the same to thefonéised
based systems, and they depend on the mass distribution.

The equations of motion for a free-floating system can be written in thé:form

H@gq + C(a)g =1 (4)
whereH"(q), is thereducedsystem inertia matrixC"(q, q ) g contains the nonlinear centrifugahd Coriolis terms. The
vectort is the torque vector equal ta], 15, ..., Ty ]". Itis easy to showhat the system inertia matriid”, is an NN

positive definite symmetric inertia matrix, which dependgj@md the system mass and inertia properties.

Based on the structural similarity of these equations to the demizedfor a fixed basedsystem, it hadbeen suggestéd
that if singularities ofi” can be avoidedhearly any controilgorithm applied tofixed-basedsystemscan be used irfree-
floating systems. The nature foe-floatingsystem singularitieandworkspaces, in conjunction to the nonintegrability of
the angular momentum, is addressed next.

4. The Behavior of Free-floating Manipulators During Motion Control
4. 1. Nonintegrability of the Angular Momentum.

The angular momentum, given by Equation (1), cannahtegrated to yieldhe spacecraft'©rientation® as a function of
the system’s configuratiom, with the exception of a planar two body sys][%rTObvioust, thisequation can be integrated
numerically, but in such case the resulting final spacecraft orientation will be a function of the path takgoiim #pace.
In other wordsdifferent paths in the joinspace, with the same initiahdfinal points, will result indifferent spacecraft
orientations. Since the location of the end-effector is also a functi@) ¢fie same applies wworkspace (Cartesiamjaths,
i.e. moving from onavorkspacdocation to another one vidifferent paths results irdifferentfinal spacecrafbrientations.
Therefore, closegbint space or workspacpaths can changdhe spacecraft'sorientation. This nonintegrabilitproperty
introducesnonholonomiccharacteristics to free-floatingystems. However, thenonholonomic behavior results from the
particulardynamicstructure of the system, and is not dukit@maticnonintegrable constraints, like the oreperienced by
a rolling disk. The use of this nonholonomic behavior to achieve various tasks is described in the following sections.

4. 2. Spacecraft-Referenced End-Point Motion Control.

One typical taskequirescontrol of the system configuratian SinceH” is positive definite, the linearizingeedforward
control lawt=H"(q}{ q  + K (a ,-q) + K (dg - o)} + C'(g,q)q , whereq is the desired jointrajectoryandK , andK
are diagonal gain matrices, reduces the equations of motion to a decoupled set of asymptoticadlycetadueler equations,
which guarantee that—q . Itis expected that ispacethe kinematicandmass properties of all systerageknown with
sufficient accuracy. If this condition cannot be secured, and adgmtivecontroller can beonsidered. The structure of any
joint controller will be the same to the structure of a controller for a fixed-based system. However, since the eléients of
are not the same to the elementdHgfwhich corresponds to a fixedasesystem, theaorque vectort will have adifferent
time profile from that obtained for a fixed-based system.

The motion of the base does not change the kinematics and differential kinematics of the manipulator if the task involves
cartesian motion with respect tdrame fixed tothe spacecraft. For example, thend-effectodinear velocitywill be given
by: 0VE = 0J(q)iq , where®J is the manipulator Jacobian when the baséixisd. Using °J andH” onecan design an
appropriate control algorithm without major complications.

4. 3. Inertially-Referenced End-Point Motion Control.

If the end-effector isnoving with respect to amertial frame, thents inertial velocityV_ is given by Equation (g). ~An
inertially fixed camera would recokd.. On the other hand, spacecraft-fixed video cameveould feed-back'V _ = %) (@)q .
In both cases, the dynamics of the free-floating system witldseribed byEquation (4). Using Equations (2and(4), one
could design a linearizing and decoupling cartesian space corf 'oktwwever, since the rotation matrTx, is not singular,



Swith the exception of possiblepresentationadingularities), such a controllevould fail at all pointswherethe Jacobian
J (q) loses full rank, or for the case N=6 when:

det3’(q)] = O (5)
The above condition showhat singularities irfree-floatingsystemsare fixed injoint space. SincdJ” is a function of
configurationdependeninertias, these singularitiege differentthan the ones fdfixed basesystems,andtheir location in
joint spacedepend inaddition onthe dynamic properties ofthe system;for these reasons, thewere calleddynamic
singularities..

To find the location of thedlynamicsingularities in a system’s workspace, meed aone to onecorrespondence from
joint space to cartesian space. However, sucbr@spondence doe®t exist,even inthe case of asix DOF manipulator,
because its end-effector positign and orientatioi®,, are not only functions of the system’s configuratiphbut also of the
path dependent spacecraft orientat®n,Out of all the pairs@, q) with which a workspace point can beachedsome may
correspond to a singular configuratiapy, Then a workspace point may or may matuce a dynamisingularity, depending
on the jointspacepath taken taeachit. It must benotedthat underthe assumptions fdree-floatingsystems(zerototal
momentum), the speed of motion along a particular path time does not affect the feasibility of a particular path.

To resolve this ambiguitfpath Dependent WorkspadgDW) were defined to contain allorkspacdocations that may
induce a dynamic singularﬁ}ﬁ. To find these points, note that tbistance of a workspadecation from the syster@M,
R, does not depend on the spacecraft’s orientation, i.e. §)= Riis equation represents a spherical shell inntbikspace.
All the singular configurationg_ are mapped to a set of shells, whose union gives the PDW. If we subtract th&daDW
the reachable workspace, we get®agh Independent Workspad¢®IW). All points in the PIWare guaranteedot to induce
dynamic singularities. Then, any point in the PIW can be reached from all other points in the PIW, by any path that belongs
entirely to the PIW. If the system is in a dynamically singular configuration, the end-effector can move onlgireldiugns
which lie in a subspace of dimension lower than six; some workspace points are not reachable with smatéverdq is.
However, it may still be possible to reach any PDW point from any other workspace point, by choosing an appropriate path.

Another important characteristic of free-floating systems under Inertially-Referenced End-Point Motion Control is that the
size of the PIW, PDW, and reachable workspaces depends on the system mass properties. It can be shown that the size of &
these workspaces is proportional tg/ih, where m is the spacecraft massd M isthe total mass of theystean4. If the
manipulator mass is very small compared to the mass of the spacecraft, the sizeeafhhble workspace approximately
equal to the size of thixed-basedsystem. On the othdrand, ifthe manipulator is moving a bigayload, thetotal mass
increases drastically, and the system workspaces shrink considerably. limitthéhey become zerothe end-effectorcannot
move a big payload with respect to an inertially fixed frame. Any attempted motion of the manipulator will result in moving
its spacecraft!

It becomes obvious that finding an end-effector path under Inertially-Referenced End-Point Motion Comttadngasy
task and can increase the burden on an operator. An alternatitéaleand-error searcfor an appropriat@ath is tohave a
planner sub-module compute a feasible @attisuggest it to the operatorAfter approval, the patlsan be converted to a
trajectory and executed by the robotic system. In the next section, the principles on wipiemrtiee sub-module ibased
are described briefly.

5. A Planner for a Free-floating Space Manipulator
5. 1. Planner PDW Module

As discussed above, motion control in the PIW can be achievedeidtive ease, since all patasefeasible. Theoperator
can either command the end-effector by means of a joystick, or can specify the desired path by means of &eyboaedor
In the later case, a trajectory would be generated, and if required, the motion of theveystérbe simulateénd previewed.
Finally, following operator approval, the motion would be executed.

However, if the target is in the PDW of the system, and the operatamandghe end-effector bymeans of goystick,
it is possible that the system will reach a dynamic singularity and stop. To am@ydrom the singular configuration, the
systemwould have to beommanded irjoint spacetill it is awayfrom the problemati@rea. A new trajectory would be
subsequently tried, but another singularity can appear. This trial and error sequence may never lead topatfeasil¢he



operator burden will definitely increase. Similar frustratiomxperienced byew car driverstrying to park. In bottcases,
the nonholonomic behavior of thesgstems makes their controbmplicated. Although acar driver can find astandard
maneuver to accomplish the task, it is rather doubtful thabpleeator of a free-floater can tlee same. For this reason, a
planner which would aid an operator control a free-floating manipulator is appropriate.

Creating a planner sub-module that can suggest feasible paths conpeatisgin the PDW hinges on followirthree
properties:

(@ Motions in the joint space are singularity free. Dynamic singularities restrict the feasible cartesian motions, only.
(b) Motions in the PIW are singularity free.
(c) Cyclical motions of the end-effector in cartesian space can change the orientation of the spacecraft.

The third property is alirect outcome of the non-integrability of the angutaomentum. Thisproperty is further
discussed next.

5If a spacecraft’'s orientation is described by the 3-2-1 Euler a@les{el,ez,eg]T, then® is written usingEquation (1)

a

® = -5'6) w,= G(® q) ©)
where S1(@) is a nonsingular matrixgxcept atsome isolateghoints, andG(@, q) = - SY©) TOOD'l 0Dq. For small
changes in the configuratiap Equation (6) is written as:

%0 = G(O,q)dq ()

whereG is a XN matrix. It can be shown that Equation (7) is non integ?ago]ré The result of this property is thelbsed
paths in the joint space will result in general in a net change in the orientation splatteeraft. The vectordq in Equation
(7) can be expressed as a function afhzall change inthe end-effectorposition and orientation,dx_ = 8[rE,G)E]T, inverting
Equation (2):

8q = {diagl,.s%©.))3'} “ox, ®)
Combining Equations (7) and (8) results in the following expressiod@or
80 = G(©,9){ diagl.SX(©,))J"} "ox_ =G (O x ). )

The %6 matrixG’ is written as a function @, andx., because if these are giveamdN=6, thenq can be foundiniquely.

Note that Equation (9) has the same structure to Equation (7), although more complicated. If cyclical motions in the PIW are
employed, therd” is invertibleandG~ exists. Equation (9) is also non-integratdedtherefore, closegbaths incartesian

space will result in net changes in the spacecraft’s attitude.

Based onthe three above properties, @anning algorithm to move thend-effectorwithout encounteringdynamic
singularities from an initial point A to a final point D, can be the folloMng

(@ Start from the finatlesiredspacecrafbrientationand end-effectoposition/orientation and move underjoint space
control to some point C of the PIW. Such a motion is not subject teffihets of dynamisingularities,because
these affect cartesian motions, only. (Cartesian paths can also be used, if no sinqarar@resuntered)Record
the path taken. The system reaches point Cqyjthand®, .

(b) Start from the initial desired spacecraft orientation and end-effeasition/orientation and move underjoint space
control to some point B of the PIW. The system reaches point Qiyittand®,,. Note that other points B or
C locatedoutside the PIWtan be usedlso, if theyare reachablffom A, and D atconfigurations “sufficiently”
away from singular ones. Such points can be useful in the event that the PIW is zero.

(©) Move from point B to point C, using any path. The system reaches point @ yitand®,.. In general, these
are different thag, . and@,..

(d) Using smallcyclical motions of theend-effector, changéhe spacecraforientation from®,. to ®,.. The
configuration changes frony, . toq,,, since the end-effector moves around some fixed point in cartesian space.

(e) Use the recorded path during step (a), to move to point D.



5. 2. A Planner for Operator Assistance

One possible teleoperati@tenario for a free-floatinganipulator might be the following. Thaperatorhas visual
feedback provided by video-camerasunted on the&nd-effectorthe spacecrafind in somecases orthe target itsel{space
station, othewspacevehicle, etc.) Assuming that the positiamd orientation of all the objects including the target are
known, the operator can specify a targetl-effectofframe, sed-igure 4, either from &eyboard or bymeans of a pointing
device. The planner firsthecks ifthe targetcan bereached bymoving the manipulator only. If not, then tlspacecraft
thrusters must based tomove the systencenter ofmass so that the target is in tteachable workspace dfie system.
Control strategies which can be applied for such motions are described in the Iit&fdture

Specify
Target

Move
CM

Choose Path

bl No Suggest
Feasible?
easible Path

|

Preview

>

Trajectory

1

Execute

Figure 4. Planner flowchart.

It is obviously beneficial tomove thefree-flying system so that the target is in the system’s PlWowever, it is
conceivable that after some time thred-effectormay berequired toreachanother target which iocated inthe PDW. For
this motion, theoperator specifies desirablepath andthe planneichecks ifthis pathcan be followed bythe end-effector
without passing close to or through a singularity. If this is the case, the path is converted to a temjdotamcuted by the
system, after previewing and approval by the operator.

On the other hand, if the operator-specified path is not feadildeo dynamicsingularities, then thelanner suggests a
feasible path to the operator. If tbperator is satisfiedhe path isconverted to arajectory and executed,otherwise the
planner suggests a different path.

The planner flowchart, seleigure 4, assumes thatachinga targetand not the path to the target is ofprimary
importance. However, if the end-effector must follow a prescribed path, then the free-Byatelg must benoved sothat



the desired path lies entirely in the system’s PIW. Note also thatlaheer could checfor collisions with knownobjects
in the vicinity of the system using the known kinematics of the free-floater. However, the calsiiolancesub-module is
not considered in this work.

6. Example

As an example of the teleoperation planiaé describedabove, weconsiderthe teleoperation of a planawo DOF
manipulator mounted on a 3 DOF spacecraft, shown in Figure 5. Its mass and inertia properties are given in Table I.

2 DOF Manpulator
m 1 Link 1

Uncontrolled

acecraft Available direction
= ofmotion//(XE’yE)

I
Figure 5. A planar free-floating manipulator, shown in a dynamically singular configuration.

Table I. The system parameters.

Body i (m) r. (m) m (Kg) I (Kg nf)
0 .5 .5 400 66.67
1 .5 .5 40 3.33
2 .5 .5 30 2.50

For this system, thdynamicsingularities in jointspace are foundsing Equation (5),andshown in Figure 6. Fomore
details, please refer to previous publicationscalt be seethat unlikefixed-baseckinematic singularities (o= 0°, +180°)

infinite more singular pairs (gp,) exist. Figure 5 depicts the example system in a typical dynamically singular configuration
with (q,,09,) = (-65°, -11.4T). For this system, the PIW igpresented byhe light gray hollow disk, shown in Figure 7.

The dark area hollow disks correspond to the PDW.
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Figure 6. Dynamically singular configurations for the system shown in Figure 5.



Let the system’s end-effector initially be at point A: (x,y) = (2,0), which belongs in the system’s s&eWgure 7.
The initial configuration of the system is (@) = (-58°, 60.3) which corresponds to amitial spacecraforientation6 =
21°. Assume an operator commands the end-effector to reach point D: (4,)§,£5), following a straight line path. The
planner calculates the reachable, PIW and PDW spaces, and detects that the path is in the PDW. Next, the system Jacobian
computed along the straight-line path and a dynamic singularity is detected at poimtr&, 0,9, q,) = (-32.4, 74.24,
10.6°). Since the inverse of the system Jacobian does not exist at a singuleedp|vad rate-typeontroller wouldfail at
such a point and the system would have to be commanded in joint space in order to be moved away from the singularity. On
the other hand, if a transposed Jacobian-type of control algorithm is usedgdtbffectoiwill deviatefrom the straight line
pathandresult islarge errors.  Other than straight-line patlean be triedbut singularities eventuallye-appear abther
locations.
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I
®)

Fan
W/

x (m)
Figure 7. A Dynamic Singularity at point E does not allow the
to D. The teleoperator planner suggests path ABCD

d-effector to move fro
ich avoids singularities.

The plannemust now suggest aaiternativepath. Sinceghere issomefreqliom inthe construction of tl
operator can also specify the final desired spacecraft orientation, for exam If the end-effectoris gtoint
3°, the planner finds the corresponding configuration to he,jo= (39.4, 22.2). To findsuch a path the planner follows
the steps of the algorithm described in Section 5.1.

The path is found as follows: The planner first chooses sandompoint C in the PIW. Thend-effector is moved
from the desired point D, to point C: (0.8, 0.5), see path DC in Figure 7. Although a straight line masedhisre, in
general a joint space path guarantees the avoidance of singularitiespatierafangle6 . by which point C isreached is
calculated and found equal to 49.1Next, the end-effector is moved from the initial point A, to point B, whiclsifoplicity
is taken as point C. The end-effector reaches point B: (0.8, 0.5)8udtfxf) = (14.5, -49.4, 145.9). The next task is to
change the orientation of the spacecraft, fiQ=14.5, t06,.=49.1. To this end, the end-effector is commanded to follow
circular paths, with radius .2m, as shown in Figure 7. diuoelar paths stop when the orientatibnchanges ta18.9. It
was found that 11 such circles are requirétext, theend-effector ismoved to D,following the prerecordeghath DC in the
opposite direction, and reaches D witg(,q,) = (3.3, 38.9, 22.7). Note that not only the destination point D, but also
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the desired final spacecraft orientation has been reached. If a closer match in orientation is required,cacéenedidius and
more circles can be employed. However, the process will take more time to be completed.

Next, the planner simulates the motion of the system and asks the operator for apprmethis path isapproved by
the operator, the planner generates the desired trajectory, which is executed subsequently. The operator is only sepervising t
system’s motion.

7. Conclusions

In this paper, the teleoperation @ifee-floating systems isconsidered. The kinematicand dynamic nature of such
systems was briefldiscussedandtheir fundamentahonholonomic behavioexplained. Controlling such a system using
visual feedback is not straightforward, especially when the task is to moendbkaffectowith respect to arnertially fixed
target. In additionfree-floatingsystemsare subject topath-dependentynamic singularitieswhich restrict the paths by
which points in thé?ath Dependent Workspacan bereached. These characteristics cagsult inincreasedperatorburden
during system teleoperation. A teleoperation planning system wtachassist theoperator of a free-floatingobot is
presented.Given an initialand atargetend-effectolocation, and anoptional connecting paththis systemexamines the
feasibility of reaching the target from the initial location. If a problem is detected, the system proposes an altesilaléve fea
path, which is executed upon approval from the operator.
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