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Abstract— The grasping and stabilization of a spinning, non-  point on it will appear in front of the robot at irregular
cooperative target satellite by means of a free-flying robois  time intervals and in different positions and orientations
addressed. A method for computing feasible robot trajectoles  q|5tive to it. Last but not least, the argued necessity for

for grasping a target with known geometry in a useful time is icati link t d duri th i f
presented, based on nonlinear optimization and a look-up tale. a communication link to groun uring the executon o

An off-line computation provides a data base for a mapping the grasping maneuver may provide a limited operational
between a four-dimensional input space, to characterize 81 window for its execution. It is argued here that local cohtro

target motion, and an N-dimensional output space, representing  methods [4] [5] may fail in these conditions, if they do not

the famlly of time-parameterized .optlmal robot trajectori es. make use of a feasible reference trajectory.
Simulation results show the effectiveness of the data baserf

computing grasping maneuvers in a useful time, for a sample A well known consequence of the presence of nonlinear
range of spinning motions. The debris object consists of a  cqngiraints is that the motion planner developed in [1] migh
satellite with solar appendages in Low Earth Orbit, which fall into a | | mini ¢ ¢ Ut I
presents collision avoidance and timing challenges for egating allin o.a oca mlnlmum, or _no _c_onverge (_) a SO_U_ _|on ata
the task. for a given task, without a judiciously defined initial guess
for its parameters. The free-flying dynamics of the robot, as

I. INTRODUCTION well as the orbital scenario, present further difficulties f

The advent of the use of robots for the removal of spac&xecuting the motion planning task, with respect to a fixed-
debris in Earth orbit may be very close. A missing stepbase robot task on ground (see for example [6]), which are

in the methodology available for autonomously graspingiescribed here.

and stabilizing a non-cooperative tumbling debris object (| this paper a method is developed to provide a good
Target), like an uncontrolled satellite or the upper stab@ o jnjtial guess for the motion planner. A suitable mapping is
launcher, by means of a free-flying robot, is that of beingtormulated between a four-dimensional input space, which
able to generate a feasible robot reference trajectory, fqfharacterizes the Target spinning motion (spinning is con-
any typical geometry and motion of the debris object andsjgered here for simplicity, although it is argued that the
in a useful time. This paper presents an analysis of thenethod can be extended to the general tumbling case),
implementation of a grasping control method, first desctibe and an N-dimensional output space, which represents the
in [1] and extended here, with focus on its success ratgamily of time-parameterized optimal robot trajectoridkig
for providing feasible trajectories in a useful time, wherepractically the number of optimization parameters for each
classical local feedback control methods could fail. of two motion planning subproblems). A look-up table is
The grasping problem of interest here was treated in [1}onstructed, with aid of a global search, for a sample range
as a trajectory planning problem (open loop control), ancf spinning motions. For this, an extended version of the

was solved with gradient-based nonlinear optimizatiore Th trajectory planning method presented in [1] is used.
related Target motion prediction and robot tracking cdntro

tasks, which support the open loop control approach, were 1he generated look-up table is then used to perform a
partly addressed in [2] and [3] respectively. The plannaskt statistical analy_5|s of the success rat_e pf the mo_ﬂon ;ezlann_
at hand results in a highly nonlinear, constrained optitiiza ~ 2SSumed to be implemented in a realistic scenario, by provid
problem, to account for the typical robot position and vigoc N9 @n initial guess for a set of arbitrary spinning statethef
box constraints, but also for collision avoidance, which is9iven Target. Simulation results are obtained for a scenari
particularly important due to the possible presence of apih Which the Target has two solar panels (see Fig. 1).

pendages (solar panels, antennas, etc.) on the debrist.objec The paper is then structured as follows: a bibliography
Furthermore, the tumbling motion of the debris object givess first provided in subsection I-A and a problem statement
rise to a timing issue, due to the fact that a given graspings presented in subsection I-B. Section Il describes the
. o . _ constrained optimization problem. Section Il addres$es t
R. Lampariello and Gerd Hirzinger are with the Robotics and . ftrai . ful ti Section IV sgas
Mechatronics Center (DLR), 82234 WeRling, Germany, eméiiist- gene_ratlon_o traJECtor'eS'naus_e ultime. Section IV & )
name.lastname@dlr.de the simulation results and section V draws the conclusions.



is addressed, while treating the real-time implementation
and the local minima issues. Different learning methods
are implemented to map a three-dimensional input space,
which represents the Target trajectory (e.g. a ball), and
the N-dimensional parameter space of global optimal robot
trajectories.

Motion planning for free-flying robots with collision aveid
ance is treated in [18], where the trajectory generation of
the approach phase is addressed, while treating the chaser
satellite with robot as a point mass and the target as amgtati
rigid body with a large span (to account for the solar panels)
It is argued that the major danger is the potential of calfisi
between the satellite and the robot. Optimization is used to
find safe kinematical trajectories, while optimizing a $afe
metric, based on the "time to collision” in case of robot
control failure, as well as fuel expenditure and time. The
problem of local minima is recognized but not treated.

Fig. 1. Orbital scenario: Servicer satellite with 7 DOF npatéator and
Target satellite with solar panels. Orbital coordinatetaysshown: x = V-
bar (red); y = out of orbital plane (green); z = -ve R-bar (blugot visible

B. Problem statement

The grasping and stabilization task may be described as
follows:

in figure). One grasping point coordinate system on Targej structure

shown.
L]

A. Related work

A great deal of the work to be found in the literature on the
space robot grasping task, which covers a time span of over
15 years, is based on nonlinear feedback control [7] [4], op-
timal control [5][8] or model predictive control [9]. All tse
approaches however, do not guarantee a feasible trajectorye
and require operator intervention. It is in fact evidentttha
there is no simple measure to determine if and when the
grasping point will be reachable from the current configu- e
ration (see Fig. 1) and whether the trajectory which derives
from a local control law will be feasible at all times (accoun

the Servicer satellite is at first in its initial position,
called the Observation Point;

the Servicer satellite then approaches its grasping posi-
tion, called Mating Point, by means of its actuation;

the robot manipulator on the Servicer then performs a
maneuver to bring its end-effector in a vicinity of the
grasping point on the tumbling Target;

the robot end-effector tracks the grasping point for a few
seconds with subsequent homing-in and closing of the
grasp;

the relative motion between the Servicer and the Target
is stabilized with the robot;

finally, the motion of the Servicer-Target compound is

ing for collision avoidance with appendages, kinematic and  stabilized by means of the Servicer actuators.
dynamic singularities, sustainability of necessary rdbates  Note that the Servicer is only actuated in the first approach
during the stabilization phase which follows grasping,esth and in the last compound stabilization steps.
motion constraints). These methods also do not provide any We are interested here in considering the scenario shown
information on the necessary time synchronization betweem Fig. 1. This is because we want to address typical targets
the motion of the grasping point on the Target and that of thén Low Earth Orbit (orbital period 1,5 hours), for which sola
robot. Furthermore, since the methods are local, the nealin panels may be present, but are generally relatively small (1
nature of the robot kinematics is not exploited to favor aor 2 meters). The robot manipulator is assumed to have 7
successful grasp. DOF and the mass ratio between Servicer and robot is taken
More generally, with regards to robot motion planning into be significantly small, such that a fixed-base robot cdntro
the context of nonlinear optimization, different applioas  method would generally fail.
may be found, as for industrial robots [10] [11], for humahoi  We will assume that the tumbling Target presents only one
robots [12] [13] [14] and for flying vehicles [15]. Collision useful grasping point, for the purpose of our analysis. tt,fa
avoidance is treated in different ways, including the mdtho finding a suitable structure to grasp is a recognized problem
of growth distance in [16] [10] and the method of strict- (see [19]). A suitable position of the Servicer relative hie t
convexity bounding volumes [17]. The grasping task ofTarget and a suitable robot trajectory are therefore of @arym
interest here was treated in this context in [1]. importance for a successful, collision-free operation.
In [6] the optimal motion planning problem for a catching It is also assumed that the grasping point is predefined by
task with a fixed-base redundant manipulator on groun@n operator, to relax the degree of autonomy of the proposed



method. The choice is dictated by the geometry of the point
to be grasped, as well as its favorable location of the Target
If a model of the Target is not given, a communication link 15
to ground will therefore be necessary during the grasping
operation, to allow for the operator to define the grasping
point. A communication link is however also necessary to 05|
upload the reference trajectory to the robot, which must be
computed on ground due to the limited computational power
on board, and because it is useful to supervise the grasping o]
operation.

Two operating conditions for communication to ground o
are possible: in the first, the communication link takes @lac ) ' ‘ - f
through a relay satellite in Geostationary Earth Orbit;he t ” ‘ o - PR
second, communication takes place through a direct link to yim) ximl
ground. While in the first case, a link can be assumed possible
for at least a half-orbital period, for the second the tinfie-o 719 2. Trajectory of grasping point shown in Fig. 1 for ialtiangular

. . . ., velocity [-2 -4 -2] deg/sec and communication link coverdge half-orbit

contact has a duration of approximately ten minutes. We W"l\;eriod (blue line) and 8 minutes (red line). Predefined hpheise subregion
assume the latter as the operating condition here. shown (in cyan). Reference frame directed as in Fig. 1, eeotrmass of

The tumbling motion is assumed to be constrained to daget in coordinate frame origin.

flat spin, for which the angular velocity is directed about an L . )
inertially fixed rotation axis which also coincides with the Of the Target is initially unknown and is general, nothing

major axis of inertia of the Target, and limited between +/-C&n be saida priori about the region which the grasping

4 deg./sec.. Its orientation however is assumed to be gener®0iNt Will span in a single communication window (this

The flat spin motion is motivated by the well-known energy!SSUe 1S addressed in some detail in [20]). This way, as long

dissipation property of flexible appendages. as the grasping point crosses the chosen subregion within
The Target trajectory, meaning the translational motiorf® cOmmunication window, a feasible solution, if physical

of its centre of mass and the rotational motion about it, i?©SSible, is guaranteed. _ o

assumed to be determined by a motion prediction algorithm Ve confine the subregion of interest in which favorable

(e.g., [2]). This algorithm must also run on ground, due tolocations of the grasping point may occur to a hemisphere,

its computational burden, and requires a motion estimatf'e Plane of which is orthogonal to the line connecting the

of the Target motion, which in turn is based on real-timetwo satellites, as shown in Fig. 2. This idea derives from

visual data (from stereo camera or LIDAR) of the Targer. Athe simple fact that the Servicer will approach the Target
motion planning solution should be delivered by the motionff0M some direction (generally V-bar or R-bar, defined in
planner within a fraction of the total motion prediction &m Fig- 1. Note that V-bar and R-bar are in the direction of
(in [2] the latter was assumed to be 100 seconds). In this Wa{),lght and in the orbital radius directions respectivelydan

the maneuver can be executed within the remaining motiol/ill therefore have a limited reaching capability. The figur
prediction time, thus guaranteeing its feasibility. Theiom /SO Shows an example of the curves which a grasping point

of "useful time” used here refers to this fact, to also allowWill trace onto this hemisphere, as the Target tumbles, for
for a synchronized execution. a given initial angular velocity and for the two different

communication operational conditions. It is important tden
Il. FORMULATION OF THE CONSTRAINED that the traces shown are those for one given orientation
OPTIMIZATION PROBLEM of the assumed constant angular momentum vector of the
In this Section the optimization problem which results Target. Therefore for an arbitrary orientation of the aagul
from the problem formulation described in Section I-B ismomentum, the same traces will result to be rotated about
addressed. the origin accordingly.

z[m]
Il

A. Dealing with the short communication time B. Free-flying robot motion planning problem

The operational condition of a limited communication Given the strategy chosen in Section II-A, we want to
time, added to a general orientation of the spinning Tangét a now define the optimization problem at hand in more detail.
a single grasping point on it, led to the idea of developingThe problem is similar to the one tackled in [1], the salient
a strategy after which a feasible trajectory to any possibléeatures of which are reported here, however with some
Cartesian position of the grasping point, within a predefine modifications.
suitable subregion of space which may be spun by it, can The problem is divided into two subproblems: first the
be obtained in a useful time. In fact, since the orientatiorapproach and tracking with grasping and second, the stabi-



lization (equivalent to bullets two to four and to bullet five Cartesian position of the grasping point is the desired dne a
in the task description provided in Section I-B respectiyel that same time. In order to achieve this, the desired positio
In the first subproblem, a point-to-point task is first solved of the grasping point is defined by the first two of the three
to bring the robot end-effector in the vicinity of the graspi  Cardan anglesp .. =[¢1 des @2 des 3 des]” , Which define the
point on the Target. This is followed by a short tracking oforientation of the Target with respect to the inertial frame
the grasping point, while homing in of the end-effector onto GPI _ ap
it, and finally closing the grasp. r = AlPaes)r (7)
Mathematically, the optimization problem for the robotwherer©? are the coordinates of the grasping point in the
approach phase (denoted with the upper superstyigan Target body frameA (¢,.,) is the transformation matrix be-
be written as follows: tween the Target body frame and the inertial frame, function
of the Cardan angleg,. ., andr“? ! is the desired Cartesian

: 141 41 1/41 1
L0001 (1) (k0. 17,05 (t0). Om (1)) (1) position of the grasping point in the inertial frame. Notatth
) ! this parameterization of the Target orientation is onlydutee
subject to span the subregion of interest shown in Fig. 2 (quaternions
M(01) é‘l(t) + 6(01’91) él(t) — 1 (2) are useq _to propagate its motion in time_). As_ such, parametri
o singularities do not pose any problem in this context.
h'(6°(1)) <0 ®) In order to guarantee a feasible solution, the Servicer
h! (8 (£)) <0 (4) ~ maneuver which preIC(_a(Ijes th(_e. robot approgch maneuver,
) ) . from the predefined initial position (Observation Point) to
g (r“(to +1t5))=0 (5)  the found solution for the beginning of the robot approach
. . i i L1y
0'(th) = 01, 0" (1)) = 0,6 (t," +tf1) -0 (6) maneuver (Mating Point), expressed By'(to'), is also

subjected to velocity and collision avoidance constraigxs

for to! <t <to' +t;' and whered = [0 07 ]” expresses pressed in (3) and (4). Note that this feature was absent.in [1
the degrees of freedom of the system, including those of thBote also that,!(¢y!) only includes the two translational
Servicer with subscript and those of the robot manipulator position components in the orbital plane, where it is imgose
with subscriptm. Furthermoregt,' is an initial time, ;'  that all other degrees of freedom remain fixed during this
is a predefined relative final time (added #g'), I'' is a  maneuver [1].

predefined cost functiorh' are inequality box constraints  The tracking phase consists of an inverse kinematics so-
of type Xmin < X(t) < Xpmaa, for x = {01,0'} andh'.,;;  |ution, which is dictated by the motion of the Target and
are collision avoidance constraints. Note that the comtra the time at which it begins [1]. Its duration is defined by a
on the robot joint positions are purposely reduced to 75%elative timet ;2. The same motion constraints apply for this
of their true values, in order to leave some margin for thephase as for the previous. In order to provide a reference
stabilization task. Those on the velocities help to ensb@¢ t final configuration for the following stabilization phasegt

the solutions are free of singularities. To compute calfisi tracking phase is propagated further thah, to ¢+, to the
detections and to formulate the collision avoidance proble robot configuratior®,,, > (to* + ¢, +t(2T).

bodies in the scene are represented as convex polytopes [1].The stabilization phase requires bringing the robot joints

The relative inequality constraints then consist in em&ri ye|ocity to zero, while ensuring that the motion constrint
that the penetration depth between the polytopes is alwayge not violated:

zero.
Functionsg! (r¢(to" +t;1)) are equality constraints on the o U2(t7,0,°(1)) (8)
final end-effector state®(to' +t ') to be in a desired relative e
position and orientation with respect to the grasping pointsubject to
Differently as in [1], this equality constraint is relaxeerk in O(to3) = O(to' +t;1+1,2) 0(to%) = é(t01+tf1+tf2) (9)
one rotational direction to an inequality constraint, ttowl ’
for a rotation of the end-effector around the ring structured,,, (to® +t;°) = 0, (to* + 51 + 7)), 0, (t® + ;%) = 0,
of the Target. Finally (6) expresses boundary conditions on (20)
position (wheref,,, is a predefined feasible and singularity- h?(83(t)) <0 (11)
free initial configuration) and on velocity. More will be
said about boundary conditions on acceleration and jerk in b? cou(6°(1)) < 0 (12)
Section IlI-A. whereI'® is a predefined cost function. The inequality in
In order to solve the problem posed by the strategy chosefil) may here also express limits on the forces on the robot
in Section II-A, the initial timet,! is fixed and the spinning gripper. The initial conditions in (9) express the depemgen
motion of the Target is propagated in such a way that then the final conditions of the previous tracking phase.



C. Cost functions for the motion planning problem where 0,,,;4; and 04.;:,; are the middle and relative am-
plitude for the position of the'” joint and k& determines
Different cost functions can be defined for the approachhe threshold above which the positions are penalized. The
phase, as for example the end time [5], or the robot materms in (14) are set to zero if negative. Furthermore, only
nipulabitily [1], the distance from collisions [18] [1], or the maximum value for each joint throughout the maneuver
the Servicer actuation energy [1]. The first is however nois taken for the cost computation. This cost function will
relevant in the context of this work, due to the introductionbe used to prioritize the solutions resulting from the globa
of a synchronization between the Target and the robot. Theearch (see Section III-B).
others either express an attempt to maximize the successRegarding the cost function of the stabilization phases, thi
rate of the grasping maneuver or to perform a perhaps n@s of marginal importance. As we will see, this phase is
indispensable energy optimization. relatively straightforward.

A different approach is developed here, after which theIII TRAJECTORY PLANNING IN A USEEUL TIME
minimization of a cost function for the task in question is

of secondary importance, since it is really only important t In this Sectlon,_ thg method of solution for the optlmlzat|0r_1

have a high success rate. Instead, the definition of a COg)lroblem at hand is first addressed. The method for generating

function, at least for the approach phase, is here dictaged (f look-up t_able and its utilization in a real-time scenaso i

a necessity which results from the chosen method of solutiofften described.

for the optimization problem at hand. In fact, given that thea  parameterization of the trajectories

jojnt stateg are parameterized in time (see Section IlI-A) The chosen parameterization for the joint states is an

e o or e -5l Ths was- chosen i ot to alow o

ﬁ is necessar gto introduce a costp functiorg which ro\'/ide)ssmoothness up to the third derivative. Details of the Brgpli
. Yy . . . ) P implementation can be found in [6].

phys_lca!ly sensible solutlons.(ln.practlce., avoids unseae Important to note here is the particular choice of the

lly high joint speeds e_md o§C|IIat|9ns, which can easilyles boundary conditions. These were already defined for positio

from a parameterization with a high number of parameters snd velocity in Section II-B. It as also chosen here to

One way to d_o this is to choose the mechanical energy OEsf‘et acceleration and jerk to zero at the boundaries, such
the robot manipulator as cost function:

as to minimize the number of optimization parameters and

to+ty c therefore minimize the computational time of the optimizer
Lenergy = /tl (r7 () 6(t))" dt (13) For the Servicer maneuver a trapezoidal function is used.
0 Details of this may be found in [20]. The resulting number

which represents the integral of the mechanical power of thgf parameters is one per state, for given maximum spacecraft
robot joints. This cost function is sufficient to regulat@th velocity and acceleration. As described in Section II-Blyon
robot motion solutions which result from the planner. Notewyo translational states are used for the maneuver.

that at the same time, since the mechanical energy is mini- The resulting number of parameters for the first sub-
mized, and with it the joint velocities, also the distanagtira  problem, i.e. the approach, is N, where: N-3 parameters
singularity, and as a result the manipulability, may indie  pelong to the parameterization of the B-splines ((N-3)/7 pe
be maximized. Note also that extra equality constraintsineejoint), two parameters belong to the parameterization ef th
to be introduced onto the Servicer position, such that th&ervicer maneuver and one further parameter is introduced
latter remains fixed in the origin of the orbital (inertialpfe.  to represent the time along the Target trajectory at whieh th
Without these extra constraints, solutions would othesws  grasping takes place. This last parameter dictates théiquosi
found for which the robot hardly moves (iBenergy=0) and  of the Target grasping point at tinig" +t ;1 +¢ 2, in function

the Servicer brings the end-effector onto the graspingtpoinef the given Target dynamics.

As we will see later (see Section IlI-E), a Servicer maneuver Note that for the second subproblem, the stabilization,

can still be utilized to reach any Cartesian position of thehe |ast three parameters are irrelevant and are thereétre n
grasping point on the Target which is not reachable withoutncluded.

one. In the process of planning such maneuver, the Servicer
actuation energy can be optimized. B. Global search

A second cost function is introduced here, related to the Given the highly nonlinear nature of the optimization

robot manipulability, which penalizes joint positions whi Problem at hand, local minima are present as well as multi-
are closest to their limit values: ple solutions, of any given problem. As such, we run the

DOF optimization for a given grasping point position and spin
T margin = Z e Ogettai + (05 — Omia i) (14) velocity 100 times, using different initial guesses for the
P starting parameters, chosen with the following procedure:



a robot configuratiorg,,, is defined randomly, within the which result in the region of interest shown in Fig. 2. By
range of allowed values; a trajectory is determined as aetting up a grid for these, a global search is performed for
straight line between the given initial and the randomlyeach grid point and the resulting parameter setsand p>
defined configuration, by algebraic computations of the Bstored in it. A mapping between the four input parameters
spline parameters; these latter parameters are takentia$ ini and the N output parameters results at the grid points, for th
guess for the robot states. For the two Servicer variableomplete grasping task. This grid needs to be computed only
position states, random values are chosen between prediefingence, for a given target geometric model, and is computed
maximum and minimum values. Subsequently, the startingff-line, therefore not affecting the autonomous chanaofe
parameters which yield the best optimization result of thehe proposed grasping strategy.

100 trials, in terms of the cost functidfinagin, are taken as

global optimium E. Real-time implementation

In the real-time setting, it is assumed that a prediction

C. Offline method for local optimization problem of the Target motion is available. For a given set of the

The optimization problem described above is solved asour input parameters which describe the Target trajectory
a nonlinear programming problem (NPL), by satisfying thea simple Euclidean metric is used to identify the closest
equality and inequality constraints at a finite numberkof point in the look-up table. This point is used to define the
via points. The proposed optimization method is based omitial guess for the optimizer. Subsequently, based os thi
direct single shooting, with parameterization of the gyste initial guess, the motion planner is run on-line to compute
independent states in time, as done for e.g. in [10], i.e.a successful robot trajectory. For this on-line versiontaf t
0 = O(t,p), wherep is a column matrix containing N-3 motion planner the accuracy of the optimizer is reduced, in
optimization parameters, as described in Section IlI-A. Foorder to minimize its computational time. The on-line plann
the approach and for the stabilization problems described ihowever still satisfies the equality and inequality coristsa
Section II-B, two parameter sgte andp? result. The system defined in Section 1I-B, therefore adjusting the discrepanc
dependent states and input forces are then computed from thetween the trajectory which results from the initial guess
integration of the state transition equations [1]. Notd thee  and the desired trajectory.
to the possibility of relatively large joint velocities aig If the Target trajectory does not cross the subspace rep-
from the chosen parameterization, care needs to be takeasented by the look-up table during the prediction time
to ensure that the integration accuracy is sufficiently highof 100 seconds, the observation and prediction procedure
such that the momentum of the free-floating system throughis repeated until it does, i.e. until the grasping point is
out the integration is constant (if not, significant erramns i in reach. Alternatively, an extra Servicer maneuver could
the end-effector position result). The NPL is solved withbe planned, such that the closest point on the trajectory is
the Sequential Quadratic Programming algorithm from thébrought in the vicinity of the relative closest point in tloek-
MOPS library [21]. The numerical integration is performedup table. This maneuver could be optimized for actuation
with an explicit fifth order Runge-Kutta method, with step energy, independently of the robot maneuver. This proeedur
size control (DOPRIS5). however would require an overall longer motion prediction

To compute the penetration depth between two bodies, thitme, due to the long execution time of the Servicer maneuver
ODE library is used [22]. The library allows representing(in the order of 200 seconds for a Target size as the one
objects as boxes or capsules. Each pair of intersectingtsbje considered here [20]).
is treated separately and penetration depth can be evdluate V. ANALYSIS OF RESULTS

for each pair straightforwardly.
S In performing first global search computations, it was

D. Efficient initialization of the local planner found that a parameterization of the joint states with one

To provide a good initial guess for the trajectory planningsingle parameter per joint gave a very low convergence
problem in a real-time scenario, in which the graspingrate. It was instead found that more than two parameters
point follows a trajectory provided by a motion prediction per joint did not make a difference. As a result, in this
algorithm, the solutions of the global search are used in anplementation N=17, to account for two parameters per
form of a look-up table (first-order Nearest Neighbour (NN)) robot joint, two parameters for the position of the Servicer
The spinning motion of the predefined grasping point on that the beginning of the robot approach phase (in the orbital
Target is parameterized with four parameters, which ineludplane) and one parameter to determine the time along the
three parameters of the satellite orientation (the Cardamarget trajectory for the grasping time. Note however, that
angles¢,., defined in Section 1I-B) and one for the spin to generate the look-up table the last three parameters are
component of its angular velocity (note that a flat spin isfixed by the motion constraints which define the optimization
always directed about the major axis of inertia). Note thaproblem: the Servicer position is constrained to be fixethén t
we are only interested in the satellite orientation paranset Observation Point, to avoid that the energy cost functicgsgo



‘ point at the grasping time (end of tracking phase). This
Joint 1 position was parameterized here as described in SectiBn II-

Joint 3 | by means of the first two of the Cardan angtgg ., which

Joint 4

oints define first a rotation about the z-axis and then one about
Joint 7 | the new y-axis. A preliminary rotation is however necessary
to align the position vector of the grasping point with the
negative Cartesian x-axis. The third Cardan angle was then
used to rotate the Target about the same position vector (the
new x-axis, which therefore does not influence the Cartesian
position of the grasping point), to complete the orientatio
representation of the Target. The incremental steps of the
third angle were taken to be 45 degrees, to cover a complete
. - = 360 rotation in 8 steps. Finally, the angular velocity, whic
Time [sec] is specified to have a maximum magnitude of 4 deg/sec, was

varied for each of the resulting points (35x8), between the
Fig. 3. Robot joint velocity profile for an on-line solutiofthree phases two values +4 deg/sec and -4 deg/sec..

approach, tracking and stabilization shown. Maximum adidyoint velocity: . o . .
1.0 rad/sec. This task parameterization so described regults in a total
of 560 (=35x8x2) grid points. For demonstration purposes,

to zero, as described in Section 1I-C; the time along thedtarg Only four adjacent points were considered here, also shown
trajectory is fixed, due to the necessity of the Target beind? Fig. 4, which had the following values for the first two
in the desired Cartesian position, at the gasping time, lwhicCardan angles: (60, 45), (30, 45), (30,0) and (60,0) deg..
represents the point in the Look-up table to be computed. For the resulting 64 grid points (4x8x2) a global search
The value for the integrator accuracy was set to 1e-9, tha¢@s performed, as described in Setion 1I-B, to obtain their
of the optimizer to 1e-2, while its delta for the computationcorresponding optimization parameters for the approach an
of the Jacobian to 1le-5. The number of via points wasStabilization maneuverg' andp®. Note that the following
set to k=20. The inequality constraint on the end-effectoParameters were set to the values:= 0,¢} = 10.0,t} =
orientation relative to the Target was defined such as tevallo 2-5; t} = 10.0 sec..
a +/-75 deg. rotation. The convergence rate varied from point to point, between
The energy cost function in (13) provides the expectedtero (e.g. due to collisions with the solar panels) and 20%6. O
bell-shaped joint velocity profiles for the approach phase athese, the best was selected according to their corresppndi
shown in Fig. 3. In the same figure a typical evolution of thevalue for the cost functiommargin defined in (14).
joint velocities is shown for the tracking and stabilizatio =~ The computation times of this global search was ap-
phases. The jump in the velocity between the approach and
the tracking phases is due to the fact that the boundary
conditions for the end of the approach phase are set to
zero robot joint velocities (see (6)). This is not thought to
have any negative operational consequences, unless éexibl
appendages are present on the Servicer, in which case
smooth transition could be achieved via redefinition of the
same boundary conditions or with a PD control term in the
tracking phase, with a zero velocity at its beginning. Hinal _
the satellites and robot were modeled with 13 polytopes E |
(boxes and capsules) and gave rise to a total of 15 collision ™
checks for every via point. The span of the solar panels 500"
together was taken to be 3.2 meters.
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A. Generation of look-up table :
000 s00

In order to generate an exhaustive set of grid points to :,[m] i
cover the hemisphere described in Section II-A, equidistan
points on a sphere should ideally be computed A simpleFig. 4. Shown is the chosen set of grid points (in blue) to esent the
approach was adopted here and a set was defined by haﬁévgsfpherf]e region delf'“edl'“ F'gazfas ‘3/9;' o thf fOUf?gimP'Ie po'(“ts
- . . . . . dsed for the statistical analysis, defined by the first twod@arangles: (60,
yvhw_h r_esulted in the 35 points shown in Flg. 4. Each p0|_ntu45) (in red), (30, 45) (in red), (30,0) and (60.0) deg.. Thasging point
in this figure represents a Cartesian position of the graspinposition vector is shown for each sample point in red. Origiffarget centre
of mass.
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proximately 30 hours per Cartesian point (1400 tasks) fogood initial guess for the trajectory planner. The method is
the approach phase and 2 hours for the stabilization phasdso extendible to a tumbling motion of the target objeds It
(only performed for the runs of the approach phase whiclshown by statistical analysis, for a range of spinning state
converged), on an Intel Xeon CPU W3520 2.67GHz machinghat the method has a sufficiently high success rate.

Note that for a fully tumbling Target, the discretizationtbé
angular velocity would have to include three components,

resulting in 560x2x2=2240 points for a complete set. Thiél] Lampariello, R.: "Motion Planning for the On-orbit Graisg of a Non-
9 P P cooperative Target Satellite with Collision AvoidanceSAIRAS 2010,

computationally intensive task however needs to be contpute  japan, Aug. 2010.
for a given free-flying robot and a given Target geometry[2] Hillenbrand, U., Lampariello, R.: "Motion and Parametéstimation of
(given grasping point) Omy once, such that a wide range of @ Free-Floating Space Object from Range Data for MotioniBtied”,

. . . i-SAIRAS 2005, Germany, Sept. 2005.
tumbling states would be covered during the grasping taskys; apiko, S. Lampariello, R. and Hirzinger, G.: "Impedan@sntrol for

. . . a Free-Floating Robot in the Grasping of a Tumbling Targethwi
B. Real-time implementation Parameter Uncertainty”, IROS 06, China, October 2006.

A statistical analysis was performed to assess the succel Yoshida, K. et at "On the Capture of Tumbling Satellite by a Space

. Robot”, IROS 06, China, October 2006.
rate of the trajectory planner when supported by the 100k-Ups; aghili, F.: "Optimal control for robotic capturing andagsivation of a

table. Random values of the three Cardan angles were chosen tumbling satellite with unknown dynamics”, AIAA GuidancBaviga-
within the range defined by the four sample points defined in o0 and Control Conference and Exhibition, Honolulu, HaweiSA,
the previous Section for the first two, between 0 and 45_ fOfs) Lampariello, R., Nguyen-Tuong, D., Castellini, C., Hirger, G., Peters,
the third, and between +4 and -4 deg/sec. for the rotational J., "Trajectory planning for optimal robot catching in réiahe”, ICRA
velocity 2011, China, May 2011.
| . . . . [7] Papadopoulos, E., Moosavian, S.: "Dynamics and Comtfdulti-arm

By choosing the first solutl_on found in the global search, Space Robots During Chase and Capture Operations”, IRO94,
the success rate (for 100 trials) was found to be 75%, of 1554-1561, 1994. _ '
which 83% for the approach and tracking phase and 929% fdgl Aghili, F.: "Optimal control of a Space Manipulator forétumbling of

e - . . a Target Satellite”, ICRA 09, Kobe, Japan, May, 2009.
the stabilization phase. When however the solutions foond ijg) Henshaw, C.G.A Unification of Artificial Potential Function Guidance

the global search were ordered after the cost fundiigggin, and Optimal Trajectory PlanningMountain Guidance and Control
such that the best one was used, then the success rate \gﬁﬁcmference’ Colorado, USA, 2005.

. . Park, J., Bobrow, J.EMinimum-Time Motions of Manipulators with
found to be 90%, of which 92% for the approach and trackin Obstacles by Successive Searches for Minimum-Overlogecloaes

phase and 98% for the stabilization phase. ICRA 02, Washington, USA, May 2002. o
The search strategy could be improved by Iooking for thé11l Stryk, O.von, M. Schlemmer: "Optimal control of the imstrial robot

L | h . . hich is cl Manutec r3". In: R. Bulirsch, D. Kraft (eds.): Computatibr@ptimal
point in time along the given trajectory which is closest to a Control. International Series of Numerical Mathematics IBasel:

grid point in the look-up table (in the analysis presentecthe Birkhuser, 1994) 367-382.
the time along the Target trajectory used for the selection d12] S- Miossec, K. Yokoi and A. Kheddar, "Development of dtware

S . for motion optimization of robots - Application to the kickation of
the closest point in the |00k'Up table was f'xed)- Note also the HRP-2 robot”,Proceedings of IEEE International Conference on

that the results can always be improved by introducing more Robotics and Biomimetic2006. _
grid points in the look-up table, however at the expense oft3] Harada, K., Hauser, K., Bret, T, Latombe, J.P.: "NatuMotion

it tation ti The latter h b bstantial Generation for Humanoid Robots”, IROS 06, China, Oct. 2006.
IS computation tme. € latter however can be subs Ehyl 1a [14] Werner, A., Lampariello, R., Ott, C., "Optimizatiorabed generation

improved by performing the optimization gradient computa-  and experimental validation of optimal walking trajectsrifor biped

tions in parallel. Note in fact that the optimization grattie robots, IROS 12, Portugal, October 2012. .
[15] Milam, M.B., Mushambi, K., Murray, R.M.: "A New Computianal

computations are Currently computed numencally by finite Approach to Real-Time Trajectory Generation for ConsgdiiMechan-
differences. ical Systems”39'" IEEE Conference on Decision and ConfrSlydney,
The average computation times for the real-time runs wag _ Australia, December 2000. o .
0 ith a ti b 150 second 16] Qng, C.J., Gilbert, E.: Ro_bot Path Planning with Peatbn Growth
102 seconds, however 10% with a time above - Distance”,Journal of Robotic System&5(2), 57-74, 1998.
Further work will aim at reducing this computation time.  [17] A. Escande, S. Miossec and A. Kheddar, "Continuous igradprox-
imity distance for humanoids free-collision optimizedspaes”, Pro-
V. CONCLUSION ceedings of International Conference on Humanoid RQt287.
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