Optimization of multi-arm robot locomotion to reduce
satellite disturbances during in-orbit assembly

Jean-Pascal Lutze

German Aerospace Center (DLR)
Institute of Robotics and Mechatronics
Miinchner Str. 20, 82234 WeBling, Germany

Jean-Pascal.Lutze @dlIr.de

Abstract—Traditionally, manufacturing and assembly of space
assets is performed on ground before sending them into orbit.
However, this monolithic approach involves high launch costs
due to increasing asset sizes, e.g., large telescopes for space
observation. Alternatively, in-orbit assembly of space structures
after launching the raw materials to orbit opens wider possi-
bilities at a reduced cost. Mobile robotics, such as walking
manipulators or multi-arm robots, are a critical component for
this approach due to their mobility in orbit. However, unlike ter-
restrial assembly tasks, the continuous motion of the robot and
materials, coupled with the change of inertial properties of the
structure, results in a rotational deviation of the platform due to
conservation of angular momentum in orbit. This might violate
the tolerance limits of the platform antenna’s cone angle for
communication with the ground stations. Although exploiting
the attitude control system of the platform is a straightforward
solution, it might lead to issues related to the associated actu-
ators like reaction wheels saturation, high-frequency vibration,
or high fuel consumption.

To deal with this problem, in this paper we formulate the
attitude disturbance problem as a minimization of the effects
created by the gait of the walking manipulator. Investigating
the dynamic coupling between the robot system and the space
structure gives a deeper understanding of the spacecraft’s be-
havior depending on the robot gaits. The paper proposes a
controller that optimizes the forces that the robotic arm applies
to the structure, hence minimizing the base rotation. As an
application, we use a space structure composed of identical
elements, namely the mirrors of a segmented telescope, endowed
with standard interfaces to allow the robot locomotion. We show
the effects of optimizing these interaction forces in various sce-
narios and positions on the structure through multiple dynamic
simulations.
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1. INTRODUCTION

Mankind has been historically driven by the need for ex-
ploration and discovery. Nowadays, our next frontier (and
hope) is space exploration. However, ambitious goals for
space exploitation are limited by the rockets’ limited payload
volume capacity, which restricts the size of structures used
in space. As an alternative, in-space assembly technologies
are currently under active investigation. These technologies
not only allow to build bigger structures in orbit, but also
diminish the cost of assembly and maintenance of such sys-
tems. To achieve such goal, autonomous robotic systems is
a technology that needs to be maturated to the point of being
applicable in these assembly tasks.

One of the main research questions for In-Space-Assembly
(ISA) is how to deliver parts from the storage to the desired
place on the structure. Solutions like rail systems or free-
floating robots have been proposed, both with certain lim-
itations. Rail systems require first the construction of the
mobility system before the assembly can be performed, and
free-floating systems offer higher flexibility but at the cost
of much higher fuel consumption [1]. An alternative method
is the use of robots that can walk over the structure as it is
being built. This solution has two main advantages: First, it
relies only on electrical energy, which can be produced with
solar arrays, and second, the robot locomotes using grasping
points on the structure, which provide higher confidence on
the robustness of the attachment and locomotion actions of
the robot. However, a robot that walks on top of a free floating
structure will inevitably perturb its orientation due to the con-
servation of momemtum. This can lead to a misalignment of
the satellite, resulting in a communication interruption with
the ground station. These disturbances could be corrected
by the attitude control system, up to the limit of possible
saturation of the reaction wheels, or at the cost of wasteful
consumption of fuel. In this work, we propose a solution to
minimize the base disturbance of the satellite while the robot
walks over the structure. As a result, the satellite reduces the
use of the reaction wheels and thrusters. As a case study,
we use in this paper the Multi-Arm Robot (MAR) developed
within the ESA study MIRROR [2], see Figure 2. This
project analyzes the construction of the primary mirror for
a telescope, made out of several identical hexagonal mirror
tiles. The MAR used for this purpose is composed of a torso
and two arms. This robot can grasp the mirror tiles and place
them in desired positions, and also walk over the already-built
structure. Both robot arms and the single tiles have Standard
Interconnects (SI) as end effectors.

In order to minimize the disturbances created by the mo-
tion of a walking robot on the spacecraft, we formulate an
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optimization problem that minimizes the forces and torques
exerted by the end effectors on the satellite. Note that unlike
walking robots on Earth, where feet can only create forces
(push) against the ground, we can produce wrenches in the
six Degrees of Freedom (DoF) via the SIs, allowing the robot
to push or pull against the satellite if required. Additionally,
the gravity effects on the robot structure can be ignored.
Since the MAR is highly redundant, the optimization problem
is too complex to be solved in a general way. To reduce
this complexity, we introduce several approximations of the
system. First, we propose a simplified description of the
locomotion on the floating platform by combining the inertias
of the robot and the assembly. This allows to represent the
forces applied by the MAR to the satellite as a continuously
moving grasping point to which the robot is connected via a
virtual leg. This virtual leg produces forces and torques in
its grasping point. These forces and torques enable the robot
to follow a given trajectory, and at the same time, they are
responsible for the satellite attitude perturbations. With this
formulation, we propose an instantaneous QP optimization
to compute the forces and torques that enable the robot to
move from one point to the other while minimizing the base
perturbation. We verify the results of this controller through
dynamics simulations of the system that verify the effects
on the base rotation, and also show the performance when
perturbations are applied to the system.

This work is structured as follows. Section 2 includes a
review of related work. Section 3 provides a description of
the proposed dynamics formulation. The optimization formu-
lation is provided in Section 4. The numerical experiments to
verify the approach are given in Section 5, followed by the
conclusions and future work in Section 6.

2. RELATED WORK

This section provides an overview of related work on the
topics of in space assembly, locomotion systems in space
applications, and optimization strategies to minimize attitude
disturbances.

Autonomous Assembly In Space

Several assembly and repairing tasks have been performed
in-space, mainly involving astronaut workforce, such as the
repairing missions for the Hubble space telescope, or the
construction of the International Space Station. However, this
approach is not only expensive, but also involves high risk
for the astronauts themselves. Future assembly and repairing
tasks will certainly be performed by autonomous robots.

One of the first experiments to use autonomous robots in
space was the ROTEX mission [3]. ROTEX was part of the
Space shuttle mission D2 and showed a first implementation
of teleoperation and autonomy in space. Later, the ETS-VII
[4] mission tested rendezvous and docking using a chaser
satellite endowed with a robot arm, and a small target satel-
lite.

For current in-space assembly plans, the strategies consider
in general that individual sub-parts are launched and later
set together directly in space. A conceptual example is the
SpiderFab [5], where a multi-arm robot is combined with a
3D printer. The robot can create 3D printed truss structures,
walk over them and build directly in space all the required
elements.

In order to develop and test different autonomous assembly

strategies, the European Space Agency (ESA) has funded sev-
eral studies in this direction. The project PULSAR (Prototype
for an Ultra Large Structure Assembly Robot) [6] verified the
autonomous assembly of a mirror composed by segmented
mirror tiles, similar to the James Webb Space Telescope
(JWST) [7]. The main focus of PULSAR was testing the
technological viability of using a robot manipulator with SIs
as end effectors for manipulating and assembling multiple
parts. The project MOSAR (Modular Spacecraft Assembly
and Reconfiguration) [8] developed a 7-DoF robot arm that
walks over a structure made of cubic modules, representing
modular components of a satellite. This project showed
the feasibility of the walking manipulation technology for
construction and repairing tasks using modular components.

Our work in particular is related to the ESA funded project
MIRROR (Multi-arm Installation Robot for Readying ORUs
and Reflectors),whose main goal is the development of a
multi-arm robot for assembly tasks. The demonstration
case is the assembly of a primary mirror using hexagonal
mirror tiles with SIs as attachment points. The SIs used
in this project are HOTDOCKSs [9], see Fig.1, which allow
mechanical, electrical, thermal and data connectivity for the
required parts.

Figure 1: HOTDOCK used as an SI for an in orbital re-
placement unit, to support mechanical stability and energy
transfers.

Locomotion Systems in Space

Reparation and assembly tasks in space imply moving and
manipulating parts from their storage into designed positions.
This requires in general high locomotion capabilities. For
astronauts, systems such as the Manned Maneuvering Unit
(MMU) [10] provide a jetpack-like vehicle that allows the
astronaut to fly freely in space. These concepts are still under
evolution, for instance with the NASA study FlexCraft [11].

An alternative to free floating solutions is the exploitation of
the structure itself to provide locomotion support for robots.
With this approach, only electrical power, instead of fuel, is
needed for performing the locomotion. Moreover, the robot
uses attachment points on the structure, which prevent the
robot -and parts- to fly away, as they would be in general
connected to the structure using a SI. This behavior was
already tested and validated in space, for instance with the
Canadarm?2 [12] or the European Robotic Arm (ERA) [13],
which can move over the International Space Station (ISS).
Several projects currently work on the development of the
next generation of space walking robots, including the walk-
ing manipulator developed in MOSAR [14], and the MAR
system developed in MIRROR [15].



Satellite Disturbance Optimization

When a robot walks over a structure in space, perturbations
on the attitude control are inevitably created. These perturba-
tions can be negligible when the mass of the structure is much
larger than the mass of the robot, as the manipulators walking
on the ISS, but the disturbances can have a significant impact
when the supporting structure is not as massive. These un-
desired rotational disturbances need to be minimized, usually
by using an optimization approach.

Several approaches are available to generate and optimize an
offline trajectory so that the satellite’s attitude is perturbed as
little as possible. In [16], a stochastic approach using STOMP
[17] was employed for planning complete locomotion or
assembly sequences while minimizing base perturbations. In
contrast to such offline planners, Model Predictive Control
(MPC) [18] approaches compute online control strategies by
using a suitable cost function. Typically, state trajectories are
evaluated based on the system’s model over a certain time
horizon, and the trajectory minimizing the cost function is
selected. The first element of the resulting optimal control
sequence is commanded to the system. The robot joint
values can also be optimized at each time step, for instance
using a Quadratic Programming (QP) formulation [19]. Here,
the tasks involved in the cost function are modeled in a
quadratic formulation. The QP can prioritize the different
tasks, although the tasks can be violated during the resulting
motion. This approach is commonly used for walking robots
to stabilize the center of mass (CoM) of the robot while
following a given trajectory [20]. The main drawback is that
an initial trajectory is required for the optimization. Some
other approaches use learning techniques to adapt the CoM
trajectory online, in order to induce less contact torques at
the supporting points [21].

3. PROPOSED MODEL OF LOCOMOTION ON
FLOATING PLATFORM

This section describes the dynamics of the multi-arm robot
performing locomotion on a floating platform. From the
full dynamic description, we create a simplified model for
control purposes, to quantify platform perturbation during
locomotion.

Figure 2: Modeling locomotion: A) Reference frames on the
multi-arm robot; B) MAR on a floating platform.

Multi-arm Robot—The configuration of the MAR alone, see
Fig. 2-A, is given by (g,, q) € SE(3) x R", where g, is the
pose of a robot-specific frame {R} (e.g. an end-effector)
relative to the inertial frame {7}, and ¢ includes the positions
of the n revolute joints [22]. The differential kinematics of
the robot frame is written as, g, = g,.V,*, V.. € RS is the
body velocity of the robot frame. The motion of the robot
is described by floating-base dynamics [23, §9.4], which is

written as, )
A(QV +T(¢, V)V =F (1)

where V = [V;T qT]T is the total robot velocity, while

T . -
F=|[F" 7T] is the total actuation consisting of the
external wrench F,. € R® and the joint actuation 7 € R™.

Furthermore, A, I’ € R(6+7)%(6+71) gre the matrices of inertia
and Coriolis/centrifugal terms, respectively.

Lemma 1: Given the MAR with configuration dynamics in
(1), its total generalized momentum is

hy = Ady " (M, V, + M, qq) ()

where M,., M, are the block matrices in the first row of A of
(1). The energy of the multi-arm robot is written as,

1 1
B =ch) (Ady " MAd )" he 4 54 Agg ()
—
MT

Using (2), the motion can be described alternatively as varia-
tions (dynamics) of h,. € R® and joint motion, written as

d

Aq(‘])"j + Fq(‘la V)V =Tf 6]

where A, € R(VX(™ and Iy € RW>*(6+7) are the reduced
joint-space matrices of inertial and Coriolis/centrifugal terms,
respectively. Also, f € RS is the total external wrench and
77 € R™ is the reduced joint actuation.

Remark 1: Note that the dynamics in Lemma 1 are decoupled
in inertia, which allows decoupled analysis of momentum and
joint dynamics. The dynamic computations in (4) and (5) are
obtained using dynamic congruent transformations of typical
serial kinematic chain computations, as shown in [24].

Multi-arm Robot on Platform—Considering the locomotion
of the MAR over a floating platform, see Fig. 2-B, the total
configuration of the system extends the configuration of the
MAR as (g, gr,¢), Where g, € SE(3) is the pose of the
platform? relative to the inertial frame {I}, with differential
kinematics g, = gbeA, where Vj, € RS is the platform’s body
velocity and {e}"is the isomorphism. The equation of motion
for the MAR and platform together is defined as,

M(q, 9, )Vq + Clq, 9, Vo) Vy = F, (6)

where M and C' € R(6+6+7)x(6+6+n) refer to the matrices of
joint-space inertia and the Coriolis/Centrifugal terms, respec-
dvely, V= [V, VT 7] Fo=[F F 7]
Fu, Fr € RO are the wrenches acting on the platform and the
robot frame, respectively, and 7 € R™ are the joint torques.

Assumption 1: During locomotion of the MAR on the plat-
form, both these systems are not externally actuated, e.g. the
effects of gravity gradient, solar radiation pressure, magnetic
effects or using thrusters, are not taken into account.

2For the MAR on the platform, g, refers to the relative pose between the
robot frame { R} and the platform frame { B}.



Ass. 1 reflects practical operating conditions in orbit. The
direct consequence of the aforementioned assumption is
Fy = F, = 0. Another key outcome is the conservation of
the total spatial momentum, i.e.,

h(Vs, V) = Ad,," (M Vi + My, V; + M) = const. (7)

where M, My, = Ad;TTMT, Myy = Ad;TTMTq are the
block matrices in the first row of M. As a result, the variation
in the platform pose is purely due to the disturbance arising

from the motion of the multi-arm robot and the conservation
of h.

Furthermore, an additional holonomic constraint is imposed
due to the attachment(s) between the robot and the platform,
{C7} frame in Fig. 2-B, and is specified as,

92(gr,q) = const. = V! = JiG = 0Og (8)

where g£') refers to the pose between the platform frame { B}
and the attachment point(s) of the robot with the SI on the
platform, {C'}, and the superscript 4 refers to the index of the
attachment point(s).

Hence, the complete dynamics of the locomotion of the MAR
on the platform is determined by (6), under the constraints (7)
and (8).

Remark 2: The constraint in (7) can be re-written with new
arguments as

h(Vs, V) =Ad,, " (MyVi, + Ad,, " (M, V; + M)

_ : €))
=Adg," (MyVs + he (V2 4))
where h, denotes the generalized momentum of the MAR

alone, see (2) in Lemma 1, however, relative to the platform
frame {B}.

A consequence of Remark 2 is that the perturbation to the
platform can be analyzed as a function of the MAR’s own
momentum, /... In fact, exploiting Lemma 1, the total energy
of the system is written by extending (3) as

Bo=5 [V ] [o M—l] [hi] +50" A (10)

T

Approximation of Locomotion Dynamics

A simplified model is proposed here to describe the locomo-
tion of a MAR on a floating platform. In (10), the inertia
coupling between V;, and h,. in the first term on the right hand
side captures the platform perturbation due to h... In a typical
locomotion problem, the joint dynamics serve primarily to
generate the contact wrenches at {C}, which causes the
desired change in h,. We state the following assumption to
simplify the model.

Assumption 2: Given a MAR that performs locomotion on a
floating platform, there exists a controller to stabilize the joint
dynamics (¢), such that the required contact wrenches at {C'}
are generated.

According to Ass. 2, the motion stabilization problem for
the dynamics in (6) reduces to stabilizing the dynamics of
(Vi, h,) using the contact wrenches at the attachment point

{C}. Therefore, in this paper, we model the MAR as a
rigid body system, denoted by the robot frame { R}, which
is able to the perform locomotion on the platform using
attachment point(s) {C}, see Fig. 3. Firstly, this simplified
model enables us to quantify locomotion as the variation
of the robot momentum h,, as commonly done in walking
robots [24], [19]. Secondly, it also provides an intuitive
way to quantify the perturbation to the platform through
the momentum conservation principle, as in Remark 2. In
this manner, the following work serves as a simplification
of the total dynamics, and provides a first approach to deal
with this novel locomotion problem. In this paper, our key
contribution is determining the control law for the contact
wrenches, which can be realized on a multibody robot using
standard control methods to fulfil Ass. 2, see [25], [19]. In
a sequel to this work, we will focus on aspects of multibody
computation and control.

Figure 3: A simplified model of the locomotion dynamics for
a multi-arm robot (approximated as a rigid body, purple cube)
on a floating platform (green).

Thus, the approximated dynamics are written as the dynamics
of (Vi, h,.), as

{]‘?’ ﬂ mw(gr,%,m [,?’]%f} (an

T

where F,. € RS contains the wrenches acting on the robot
frame, and M,C € R'2X12 are the matrices of inertia and
Coriolis/centrifugal terms, respectively. Note that in (11),
F, creates a counter wrench on the platform due to the
holonomic constraint in (8).

Assumption 3: Given the simplified model of the MAR on a
platform, as shown in Fig. 3, the position of the contact point
{C?} on the platform varies continuously. Which can be seen
as steps with minimal increments.

Ass. 3 enables us to study the platform perturbation purely
through momentum exchange with the simplified robot, with-
out considering the hybrid dynamics of steps. This assump-
tion can be enforced by considering infinitesimally small
steps. Hence, the control problem for locomotion is to
determine a control law for F,. that generates the desired
motion of the rigid body (Cube) on the platform in Fig. 3.
Note that F,. is not independently actuated, but it is effected
through the contact wrench at {C'}.

4. CONTROL AND OPTIMIZATION

The objective of the proposed control approach is to track
a desired trajectory for the robot relative to the base, without
disturbing the attitude of the platform. The idea is to compute



a desired wrench acting on the robot frame based on the
desired motion. Since the robot is underactuated due to the
lack of external actuation (Assumption 1), the desired robot
wrench needs to be generated by the robot’s end effectors in
contact with the platform. This control approach is inspired
by a passivity-based whole-body controller for humanoid
balancing and locomotion [20], [19], which uses a control
structure similar to a PD+ controller [26].

First, a desired robot frame wrench is defined as
Fl=FlT+ FI", (12)

where F/7 represents the feedforward and Ff° the feedback
term. The feedforward part in (12) improves the tracking
performance and is given by:

. d
FJ = i+ Clgr, Vi ) [M - (3

Desired quantities of the predefined trajectory, which are
provided by a high level planner, are indicated by ().
During locomotion of the MAR, the platform is supposed to
hold its position. Therefore, the desired trajectory of the base

is V& = V4 = 0.

Similiar to the approach in [24], the feedback term is intro-
duced as deviation in position, orientation, and generalized
momentum of the robot from the desired trajectory. Let

us define the robot pose error X, € RS and the robot’s

generalized momentum error h. € R relative to the base
frame of the platform

FI*=Ad] K. X, + D;h,, (14)

where K, € R®*% and D, € R®*% are symmetric and
positive definite gain matrices. As defined in (9), the wrench
acting on the robot frame is projected to the base frame.

The desired robot wrench needs to be generated through
contact wrenches in the contact points between the robot and
the platform as shown in Fig. 2. The relation between the net
robot wrench and the contact wrench is given by

.
F.=Ad) F. (15)

with F. € R8. The derivation in this section assumes that
only one end effector of the robot is in contact with the
platform; however, the formulation can be readily extended
to other contact configurations.

In order to correct the orientation of the platform after
possible disturbances, we define a desired platform wrench
resulting from a PD feedback attitude controller. Therefore,

the attitude error X; € R? and angular velocity error &, € R3
of the base frame of the platform w.r.t. the inertial frame are
introduced X B

Ff* = K, X, + Dy, (16)

where K;, € R**3 and D;, € R3*3 are the symmetric and
positive definite gain matrices. Since the translation of the
platform is of minor importance for common applications,
we only formulate a feedback controller for the orientation.
Corresponding to (15), the satellite wrench is mapped to the
contact wrench via

F,=—-Ad' F (17)

geb ™ C*

The resulting contact wrenches F°P* can be readily computed
by using the pseudo-inverse of the stacked adjoint matrices.
However, to incorporate force and torque limits in the SIs,
(15) and (17) are solved by using a constraint quadratic
optimization problem (QP) formulation:

min > 67 Qid (18)
¢ ie{r,b,c}
with the residua

5, = Ad, F' — F! (19)
& = Ad,  FP" + Fy (20)
5. = FoP! 1)

and with respect to the contact wrench constraints
Fmin < Fort < prmas, (22)

The optimization tries to find a trade-off between the robot
trajectory tracking task (19), the platform orientation task
(20), and a wrench regulation task (21) based on the weight-
ing matrices @, Qp and Q. which are symmetric and
positive definite. The wrench regulation task is added to
ensure that the contact forces and torques are minimized
as much as possible. The QP formulation is a multi-level
task optimization where the contact wrench constraints (22)
have the highest priority and are strictly enforced, while the
remaining tasks (19)-(21) form a soft hierarchy. Since the
platform orientation task is of highest importance, we chose
Qp >> @, Q.. The QP provides a solution for the contact
wrenches, which disturb the orientation of the satellite as little
as possible, while trying to generate the robot wrench that
is required to follow the desired trajectory. Based on the SI
specifications, upper and lower limits on the contact wrenches
can be enforced through (22).

Following Assumption 2, the optimized contact wrenches
resulting from (18) are generated through an additional con-
troller on joint level.

S. NUMERICAL EXPERIMENTS

To demonstrate the effectiveness of the proposed control
and optimization scheme, we present several locomotion
scenarios and compare the tracking performances. We also
show the advantage of our approach in the case of external
disturbances.

Implementation

The proposed approach was implemented in a Mat-
lab/Simulink environment. For the dynamic calculation, we
used our in-house dynamic library [27]. The Matlab solver
quadprog is used for solving the QP problem.

Environment

The reference environment is taken from the project MIR-
ROR, including the definition of sizes and masses. The robot
mass is taken as m, = 200kg. For representing the robot’s
inertia, we use a cubic box with edge length a = 0.3m. The
corresponding inertia tensor of the robot is then

%mra2 0 0
I,=| 0 ¢ma® 0 (23)
0 0 %mra2



We assume as desired structure the LUVOIR space telescope
[28] (successor of the JWST), with a mirror radius of r, =
7.5m. We also assume a mirror tile with a outer radius r; =
1m and a height h; = 0.3m and mass m; = 30kg. 68 mirror
tiles are required, leading to a total mass of m, = 2040kg
in the full assembly, with an inertia tensor corresponding to a
flat cylinder with a height h, = 0.3m.

15mp (3% + h?) 0 0
I, = 0 Lmp(3r? + h?) 0
0 0 %mbrz

(24)

Note that for our experiments the weight ratio between the
robot and structure is in the medium range. This means
that the main mass of the system corresponds to the desired
assembly, and the robot mass is smaller but not neglectable.
One extreme case would be that the satellite is so light that the
robot would move the platform by some degrees while only
moving its joints. In the other extreme case, the platform
is much heavier than the robot, so that the base disturbance
introduced by the robot can be neglected.

For the SI representing the potential supports (and the con-
tact point constraints) we use HOTDOCK [9]. This has a
non-destructive load range of 3000N traction and 300 Nm
in bending moment. In these experiments we assume to
have absolute knowledge about the environment, but for real
system a separate grasping controller is needed, which can
handle the uncertainties.

Experiment Platform disturbances

In the first experiment, we want to show the tracking perfor-
mance of the robot while following a predefined trajectory.
The effect of the robot motion on the satellite base and
the contact wrenches is also considered. The presented
framework for contact wrench optimization can be combined
with different robot platforms as long as a joint controller can
generate the commanded contact wrenches.

o g ‘ traj. des. a)
E / traj. des. b)
> 0 traj. des. c)
-1 w w w
-5 0 5
x [m)]

Figure 4: Top: Trajectories considered for locomotion of the
MAR on top of the assembly. Bottom: xy-plot showing the
three experimental trajectories.

The results describe the translation coordinates as x, y, z and
the corresponding rotations as «, 3, -, in Euler angles(roll-
pitch-yaw). Since we assume that the z axis is pointing in
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Figure 5: Desired position trajectories of the robot. The
robot is moving from start to goal in 30 seconds(see x
axis), afterward holding the position, for system stabiliza-
tion. Top: experiment #1; middle: experiment #2; bottom:
experiment #3.

the direction of communication, a rotation around ~ is not
optimized. We select three different robot trajectories for
walking over the assembly, as shown in Fig. 4.

Experiment #1: straight line displacement, crossing the CoM
of the assembly

Experiment #2: straight line displacement, on the vicinity of
the CoM of the assembly

Experiment #3: circular segment displacement, with center at
the CoM of the assembly

These trajectories are basic motions that can be used to build
more complex movements. All CoM trajectories are planned
and executed at 1-meter height over the satellite surface. We
use a PD controller with feed-forward terms to follow the
desired trajectory. The robot trajectory over time is shown
in Fig. 5, and Fig. 4 illustrates the spatial trajectory on the
XY plane (looking from above the telescope). Fig. 4 clearly
shows that experiment #1 moves the robot in a straight line
over the system CoM (zcom = [0 0 0]). For experiment
#2, we see a straight line again, which moves in the x and y
directions. Finally, for experiment #3 the circular motion is
visible.

Experiment #]—The commanded motion for this experiment
is a straight line from g4t = [—7.5 0 I]T t0 Tgoar =

[75 0 1]T, see Fig. 4. The given trajectories are a 5'"-
order polynomial with zero acceleration and velocity at the
start and end of the motion. The trajectories are executed
during 30 seconds, and the rest of the simulation shows the
stabilization of the system. The robot moves only in one
direction passing over the CoM of the base, so this example
could be considered as a two-dimensional problem.

The rotation of the satellite base is shown in Fig. 6. The
left side shows the non-optimized behavior, and the right side
shows the behavior of the base disturbance in the optimized
case. Note that the o and ~y rotations are constantly zero.
Indeed, there is no lever arm from CoM, and CoM, in x
and y direction, so no momentum can be produced. On the
other hand, we have the motion in the x direction with a
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Figure 6: Experiment #1; rotation «, 8,~ of the base as a
result of the robot motion.

lever arm in z, which produces momentum in the 3 axis.
This momentum rotates the base from 0 to —5 degrees in
the non-optimized part. Note that the base first starts to
rotate, accelerating like the robot at the beginning. Then, after
around 15 seconds, there is a phase with constant rotation
velocity, and in the end, the platform decelerates like the robot
is doing as well in order to stop its motion. In the end, around
35 seconds, both the robot and the base have zero velocity.

Here the final rotation of the base is around 8 = —1.5 degrees
For the optimized case on the right side, note that the system
swings around O degrees with minimal 3 = —2 x 1073

and maximal 8 = 2.55 x 103 degrees amplitude. In the
first 30 seconds, the optimizer has to counteract the robot
dynamics when following the desired trajectory. After that,
the optimizer tries to bring the base to zero degrees, which
can be seen in the decreasing oscillation of the platform.

Fig. 7 compares the contact wrenches of the non optimized
and optimized experiment. For better visualization, we split
them into forces and torques. Note that the force diagrams
are similar for the non-optimized and the optimized case. The
reason is that the force needed to move the robot forward is
the same as the followed trajectory is identical. However,
we see that there are differences in the torques. For the non-
optimized case, the contact torques do not change as the robot
is only commanded to follow a straight line. However, for the
optimized case, the robot tries to counteract the base rotation
by producing torques at the contact points, as can be seen on
the small amplitude oscillations in Fig. 6.

For the tracking controller, Fig. 8 shows the control error in
position. Note that the error in x is similar, while the error in
z is greatly reduced in the optimized case.

Experiment #2— Now the robot moves in a straight line
but with an offset with respect to the CoM, so its motion
occurs along the x and y direction. The motion starts at

Tstart = [1 1 1]T and ends in xgoq = [4 2 I]T, see
Fig. 4. Since the trajectory is not directly over the CoM, a
momentum is created around all three axes, as illustrated in
Fig. 9. The maximum rotation for the non optimized case
is about ey = 0.1, Bmee = —0.3 and Yy = 0.35
degrees. The ~y rotation is not considered for the optimization,
so it is the same for both cases. However, note the gain
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Figure 7: Contact wrench for the non-optimized (left) and
optimized case (right) in experiment #1.

No Opt. Opt.

0.02 P 002 ~opt
0.015 0.015 |
0.01} 001}
0.005 | 0.005 |

A 0 N_ 0 =1 Ao

5
-0.005 | 1 -0.005 |
-0.01 ¢ 1 -0.01}
-0.015 1-0.015
0 20 4060 020 40 60
t [s]|— % i, | t[s]

Figure 8: Experiment #1; position tracking error of the robot
trajectory.

in the optimized case for the rotation axis « and 5. The
robot is actuated only for 30 seconds, but the underdamped
oscillations still drive the system toward equilibrium around
0 degrees.

Forces and torques are shown in Fig. 10. In experiment
#1 only F, and 7, were used to follow the trajectory and
stabilize the platform, but here also F, and 7, are required
since they produce the force to move the robot in the y axis
and to counteract the rotation around c.

The errors in position tracking are shown in Fig. 11. When
comparing to experiment #1, in this case there is an error
in the y direction since they are now required to follow the
desired trajectory. The error magnitude is however smaller
than in experiment #1.

Experiment #3—In this experiment the robot follows a circu-
lar segment with center on the CoM of the assembly, radius
of r = 7.5 meters, and 20 degrees in angular amplitude. The
robot is then walking 20 degrees on the edge of the telescope,
and the motion is executed in 30 seconds. The motion starts
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Figure 9: Experiment #2; rotation «, 3, of the base intro-
duced by the robot.

No Opt. Opt.
2 ! 5 2 ! !

oy
- V 2

0 20 40 60 0 20 40 60
|—F. —F, F.|
1 1
£ r\/\
= 0 0 —
- \./\/
-1 -1
0 20 40 _ 60 0 20 40 60
t[s] [— 7, ]t [s]

Figure 10: Contact wrench for the non-optimized and opti-
mized case of experiment #2
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Figure 11: Experiment #2; position tracking error of the
robot trajectory.
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Figure 12: Experiment #3; rotation «, 3,7 on the base
introduced by the robot.
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Figure 13: Contact wrench for the non-optimized and opti-
mized case of experiment #3.

at Tgiare = [0 0 1], see Fig. 4.

This trajectory has a lever arm around all three axes, so a
residual momentum is created around all of them, see Fig.
12. This more demanding motion, compared to experiment
#2 , also induces higher rotations on the base in the non-
optimized case: Quqr = 0.24, Baxz = | — 0.04] and
Ymaz = 0.35 degrees. For the optimized case, we see again
small rotations in all axis, and the optimizer successfully
stabilizes the platform.

Fig. 13 shows the contact wrenches. Note that the non
optimized case only requires forces to follow the desired
trajectory, while the optimized case uses the torques to coun-
teract the rotation of the base.

Fault tolerance

No matter how well the system is designed, there is always
a chance of errors during execution. Humans can of course
react easily on non-nominal cases, while autonomous systems
require certain robustness to potential faults.



Figure 14: Artistic representation of the robotic assembly of
a space telescope, with a servicer satellite docking to provide
new parts.

The perturbation scenario analyzed here is as follows. During
the assembly process, it might be required that some parts are
delivered while the building process takes place. We assume
that the robot is actually moving over the platform when a
servicer satellite tries to dock to the already built platform
(Fig. 14). This docking produces a linear force through the
CoM of the base while not changing the mass and inertia of
the system. However, this force deflects the robot from its
original path and introduces a torque around the combined
CoM of the base of the robot. For the analysis, we assume an
impact in the —y direction with 1000V for 0.1 seconds at the
first second of the simulation, and the robot follows the same
trajectory from experiment #1.

Fig. 15 shows the rotational disturbances of the base in-
troduced by the motion of the robot and the impact of the
servicer satellite. Note that in the non-optimized case after
one second « and ~y are linearly increasing. This means that
the base constantly rotates around these axes. The rotation
in 3 is only produced by the motion of the robot, similar to
Fig. 6. Note that in the optimized case « and 3 are stabilized
around zero. This means that our optimizer can handle the
external rotational disturbances in the system while fulfilling
the required tasks.

The wrenches needed to counteract the impulsive perturba-
tion are represented in Fig. 16. For the forces, the non-
optimized and optimized diagrams are quite similar, since
they only handle the position error of the robot. A peak
at 1 second in F), direction moves the robot back on the
desired trajectory. Since the non-optimized part ignores the
rotation of the base, the produced torques are zero. But in the
optimized case, the torques required to counteract the robot
motion 7, and the torques to stop the rotation introduced by
the servicer 7, are clearly seen.

Finally, we analyze the convergence of the robot back to the
desired trajectory, as shown in Fig. 17. We see for both
cases that the impact of the servicer produces an error of
—0.03 m in the y direction. The main difference comes in
the optimized case for the z component, which is quickly
dissipated compared to the non-optimized case. The system
is able to reduce the error completely by the end of the
trajectory.
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Figure 15: Experiment #1 with external disturbance; rotation
a, B, of the base introduced by the robot with an initial
perturbation coming from a docking satellite.
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Figure 16: Experiment #1 with external disturbance; contact
wrench for the non-optimized and optimized case.
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Figure 17: Experiment #1 with external disturbance; position
tracking error of the robot trajectory.



6. CONCLUSIONS AND FUTURE WORK

This paper worked on the problem of minimizing perturba-
tions on the satellite base while a robot is performing loco-
motion tasks on top of it. Given the free-floating space struc-
ture with a multi-arm robot, we first derived the consistent
equations of motion. Secondly, we proposed simplifications
of the system into combined inertia for the space structure
and the robot, which enables us to analyze locomotion while
considering perturbations to the platform. Additionally, we
derived an approximation for a walking contact model with
Standard Interconnects. To control the robot motions, we
proposed a controller based on Quadratic Programming to
optimize the contact wrenches such that a given trajectory
of the robot is followed and, at the same time, structural
perturbations are reduced.

All of the previous points were validated via multiple numer-
ical experiments where the robot is moving over the floating
structure, thus inducing a rotation of the structure by the
conservation of momentum. The analyzed scenarios include
different trajectories, with different effects on the robot-
platform system. In all the cases our optimization approach
reduces the induced rotation by introducing suitable contact
wrenches at the contact points.

In summary, we have shown a solution for computing the
interaction forces between a general robot and any space
structure in order to reduce rotational disturbances. In some
cases the final control error of these rotational disturbances
was nearly zero.

Even though the approach has shown good results, there are
still several open points to be tackled in future works. A first
task is to investigate robustness of the approach for different
failure cases, e.g. a reduced performance of the SI that could
limit the applicable forces or torques through the connection
points. Also, in our approach we have modeled the robot as a
punctual mass to prove the concepts of reduction of satellite
disturbances. The consideration of the robot as a multi-body
object is ongoing work.
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