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1 Introduction

Due to mankind exploitation of space, many thou-
sands of man-made objects are now in space. As we
know, space is big and pretty much empty. However,
due to mankind needs, the situation is very different in
the vicinity of Earth. The situation degrades rapidly
in GEO and worsen as we go toward Low Earth Orbit
(LEO): there still is a lot of space, but for a first part
the useful orbits are kind of the same, and there is a lot
of objects, due to the commercial use of those orbits
(see figure 1).

As of now, the situation is not good: satellites have
to been armored to withstand small impacts from wan-
dering fastenings, and have to be launched with large
propellants tanks that will be used to avoid collisions with debris bigger than 10 ecm. We can
quote the example of the International Space Station (ISS), which orbit is really low in order
to get it clear of debris. The energetic cost is high, and its orbit regularly needs to be raised.
Even with this precaution, the ISS does collision avoidance manoeuvres all year long. Some
debris are noticed too late to perform manoeuvres, and the people inhabiting the station have
to get into the two Soyuz ships always docked to the station in case of emergency evacuation.
Such a scenario happened on June, 28th 2011, while writing this document. The debris was
at 250 m from the station.

Figure 1: Objects >10cm in orbit:
situation in 2010.

However contrary to the ISS, the satellites are not equipped to be serviced and when their
tanks are empty, they are bound to collide with some other inert object in orbit and potentially
create new inert objects (Kessler Syndrome) (see figure 2).

Figure 2: Collision event of Iridium and Cosmos satellites: situation in 2009.

The present situation is already a planned doom of space utilization: event without any
more launches, the already present debris will collide and the quantity of debris will overcome
the quantity of useful payloads in orbit by 2050 in the most optimist prediction (NASA LEG-
END forecasts) for debris of size superior than 10 cm. However the reality is worst: although
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the last years and the very short future did and will not see a lot of new launches due to the
economic situation of the counties carrying the market of satellite and launchers, a study by
the Northern Sky Research forecasts over 1600 new satellites built and launched by the year
2025 [1].

One overall question remains: what are those debris 7 In the ideal situation where all
satellites are de-orbited at the end of their lives, as specified by the regulations, instead of
extending their mission until they can not be de-orbited, parts of the rocket stay in orbit, see
figure 3. They are not only useless, but also very big and heavy.

v

sub-orbital

V¥V  sub-orbital

Figure 3: Parts of a rocket separated by post-deployment situation.

The scientific community is reviewing different solutions, and developing technologies to
upgrade their Technology Readiness Level (TRL). As for now the most feasible solution is to
get a chaser satellite in orbit, grab the debris and de-orbit it.

The Space Center at EPFL is putting together an Orbital Debris Removal (ODR) mission.
This project is called Clean-mE, see reference |2].

A previous thesis [3]| in the framework of this project, has determined a parametric Mat-
Lab/SIMULINK model for rendezvous and grasping manoeuvre simulation for the design of
the Attitude Determination and Control Subsystem (ADCS). In this thesis, we are concerned
with the grabbing part of the operation and the control of the spacecraft.

In a first part, we will review the context and requirements, defined by the most problematic
debris, with the reasons they are the most problematic ones, and the space robotic state of the
art and identification of the inherent problem of space robotics. Then we will move towards
the remediation concept, with the solution proposed for the grabbing location and the scenario
proposal for the ODR mission. Eventually we will get to the grabbing itself, how it has been
intended to tackle it, how it has been implemented, and what results are obtained with this
implementation.
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2 Context and requirement

2.1 Debris

As debris remediation can be seen as Anti-SATellite (ASAT) activi-
ties, we can only retrieve objects from Switzerland or, for the part-
nerships that the final mission will need, our partners’ orbital debris:
let’s consider the situation on the European scale. The first targets
are non-operational, non-collided debris in Low Earth Orbit. One cri-
teria has been worked out by ESA [4] to select priority targets, which
is the mass times the probability of impact of an object. Within our
list of European orbital debris, the Ariane upper stage (see figure 3
and 4 for the Ariane 4’s) family have the highest priority.

2.1.1 Why LEO ? Figure 4: H10 stage.

LEO contains 73% of the population of on-orbit objects, which cor-

responds to 40% of the total on-orbit mass [5] (GEO object are heav-

ier). Also, the Kessler Syndrome mainly occurs in LEOs. Indeed, The

present estimated number of collision fragments is around 500, whereas the predicted number
of collision fragments in 2040 is about 2000. However those figures are for no more launches
after 2007, thus without the FengYun ASAT test and the Iridium33/Cosmos2251 collision [6].
See figure 5.
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Figure 5: Long-term forecast of the effective number of orbital debris of 10cm or larger in LEO,
doted lines are updates for the 2007 FengYun ASAT test and the 2009 Iridium33/Cosmos2251
collision. 5]
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The prioritised orbits are |5|:

e H=900kms £25 & i =82° £+ 1 : 300 tons of on-orbit debris;

o H=900kms £25 & ¢ =98" £1 : 800 objects.

2.1.2 Why upper stages ?

The rockets’ upper stages are the best choice for the Object Debris Retrieval (ODR) mission.
Indeed, they represent 12% in quantity, or 25% in mass of all man-made objects in space, as
well as not being of any use. The main concern of the international scientific community is
LEO. Once again, those upper stages are the best choice, as they represent 61% of total LEO’s
objects mass.

Moreover, they have the highest mass times impact probability (directly related to area)
product, which is the criteria to select optimal target for deorbiting, as Liou et al. showed [7].

One other reason is that upper-stages from Ariane launchers family are politically available
for removal on a French(EADS)-European mission and upper-stages from Ariane launchers
family are on the priority list of objects to be removed [4]. See figure 6 which displays the
amount of upper stages left in LEO, as long as their ownership and their mass.

QODG 1 T T T T T T
n— \\ | PCIs (889 tan) I
Zenith-2 B France (256 ton)
7000 // I US™ (159 ton) i
B FRC (62 ton)

6000 Ariane 5 Bl Japan (53 ton) T
2 5000 = .
= H-2A s
g e J ITlml—1 424 ton |

Atlas

3000 \ Ariane 4 f

2000 / Komqo&aw Tsyklon -

1000

100 200 200 400 500 600 Fo0
number of objects

Figure 6: 1-ton and more upper stages in LEO sorted by quantities (x axis), masses (y axis),
kinds (legend) and countries ownership. (CIS stands for Commonwealth of Independent States
or in translated Russian: Sodruzhestvo Nezavisimykh Gosudarstv, SNG) Credits ETSIA /UPM

[3].
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Except for one (COSPAR ID: 86-19C), Ariane 4 and 5 upper stages are passivated. [4].
As they are passivated, there is no chance of them to explode from overheat of fuel left inside
during re-entry phase, even if there still is some fuel inside all of them, see [9].

2.1.3 Targeted debris data

The upper stage rockets of the Ariane family are declined in several versions. In table 7 are
displayed the envelope and the dry mass of the three first cases in term of quantity of on-orbit
objects. More specifically, the targeted debris are upper stage from Ariane 4 launchers (H10).
Within this family, the data of some individuals are displayed, figure 8 for their orbits, and
table 1 for their identification, orbits and dynamical properties.

case dimension values

Ariane 4 | height x diameter | 10.2 x 2.6 m

(H10) dry mass 1500 kg

Ariane 5 | height x diameter | 3.4 x4m

(EPS) dry mass 1500 kg

Ariane 5 | height x diameter | 4.7 x 5.4m _
(ESC) | dry mass 4500 kg View over north pole

Figure 7: Dimension of the envelope of the different

upper stages cases considered as potential targets.
Figure 8: Typical orbits for spent

H10 [10].
COSPAR | NORAD | Description Mass I I altitude | incl
Id Id [kg] | [kg.m?] | [kg-m?] | [km] [deg]
86-19C 16615 Arianel (H8) 1318 1114 8662 | 781-797 | 98.89

90-5H 20443 Ariane40(H10) 1764 1491 19918 | 764-778 | 98.67
91-50F 21610 Ariane40(H10) 1764 1491 19918 | 759-763 | 98.72
93-61H 22830 Ariane40(H10) 1764 1491 19918 | 782-798 | 98.66
95-21B 23561 Ariane40(H10+) | 1764 1491 19918 | 766-775 | 98.52
98-17B 25261 Ariane40(H10III) | 1764 1491 18663 | 782-788 | 98.25
2-21B 27422 Ariane42P (H10) | 1820 1538 22974 | 788-805 | 98.45

Table 1: Estimated masses and inertias with their orbital elements of potential targets.

Unfortunately, Arianespace is not willing to share a complete geometrical definition of the
upper stages (H10 at least) because those are still french patrimony, even if they are not used
anymore.
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2.2 Space robotics

De-orbiting a satellite using a robotic arm to grab it can be classified as an On-Orbit Servicing
(0O0S). Two excellent reviews are available for the interested reader: from the Canadian Space
Agency, the first part of [11] ("Related Work" section) presents an near-extensive review of
space-servicing missions. In the second part ("Phases of a typical OOS Mission" section) are
presented the different phases of a space-servicing mission, which is adapted to our case in
section 3.3. The other reference, Yoshida and Wilcox, reviewed the historical advances of
space robotics in the first part of [12] and mathematical modelling in the third part. In this
section, OOS missions and the problem of space robotic are addressed.

2.2.1 0OOS missions

Five flown or planned missions were designed to demonstrate OOS capability. Launch in
November 1997, The Japanese Engineering Test Satellite VII (ETS VII, or Kiku-7) [13] de-
picted on figure 9, demonstrated the validity of two mathematical modelling of a space manip-
ulator, carrying out a variety of on-board experiments. It was composed of Hikoboshi (name
of the prince in a classic Japanese tale) equipped with a 6-DOF robotic manipulator for Orbit
Replaceable Unit (ORU) exchange and grabbing of the target satellite Orihime (princess), the
second part of the mission.

| Space Robot Experiment System|
Orbital replacement unit

Robot Arm t Task board
\ Advanced robotics hand (MITT)

Antenna assembly mechanism (CRL)
i/’ III.

Earth direction

Truss structure experiment equipment (NAL)

il Chaser Satellite

Tar et Satellite

m Flight direction

. —~ Relative approach
Rendezvous-Docking direction
Experiment System
Docking mechanism \
Proximity sensor S-band High Gain
Rendezvous radar Antenna

GPS receiver
Figure 9: ETS VIL
Next was the NASA’s DART, shown on figure 10 in its capture scenario, and Orbital
Express, shown in orbit on figure 11, launched in April 2005 and March 2007, respectively. As

explained in [14], DART collided with its intended target (MUBLCOM satellite) due to the
miss of a waypoint acting as a transition in the entirely preprogrammed scenario.
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Figure 10: DART (below) closing on Figure 11: Artist conception of the assem-
MUBLCOM. (artist’s conception) bled Orbital Express.

Orbital Express (see a self photo on figure 12) is composed of ASTRO, the chaser and
NEXTSat, the target prefiguring OOS-enabled future satellites. After servicing tasks without
the rendezvous/grabbing typical of OOS missions (see figure 13), ASTRO demonstrated OOS
by an autonomous rendezvous and capture phase [15]. Three relevant scenarios are described
here: in the first scenario (scenario 2-1) the exercise was entirely autonomous, around 2h of
unmated operations at a maximum distance of 12m; in a second scenario (scenario 8-1), the
exercise was almost autonomous with little help from ground, and lasted around 1 day at Tkm
apart. The last exercise was a recovery from exercise 3-1. It resulted in the longest apart
exercise, with almost 8days and 6km apart.

Figure 12: Orbital Express: ASTRO tak- Figure 13: Orbital Express: ASTRO ser-
ing a picture of itself using the camera of vicing NEXTSat (units replacement, no
the robotic arm. grabbing). (artist’s conception)

In Europe, there are two missions designed to demonstrate OOS capability: the Swedish
PRISMA [16] shown in figure 14 and the German TECSAS, redefined in the DEOS mission
(see [17] for updated information about the program), depicted in figure 15. The DEOS mission
is still in design process, but the objectives are OOS demonstrations and satellite de-orbiting.
DEOS will rely on an ultra-light, efficient and powerful robotic arm to accomplish its mission,
specially developed by the DLR for such a mission and already space qualified (some details
about it in [4]).
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Figure 14: PRISMA, formation flying of Figure 15: DEOS: Capture of a tumbling
Mango (main) and Tango. satellite. (artist’s conception)

PRISMA is composed of two satellites, Mango being the chaser and Tango the target satel-
lite. They demonstrated formation flying and rendezvous based on different sensors (notably,
GPS), as long with subsidiary technologies (such as a new propellant (HPGP), micropropulsion,
and enhancements of common satellite subsystems). The mission is still on-going. Notably,
they also demonstrated autonomous detection of Tango through vision sensors. See figures
16 and 17 for extremely different luminosity situations in space. Those two pictures of Tango
have been taken by Mango while detecting it.

Figure 16: PRISMA, detection of Tango Figure 17: PRISMA, detection of Tango
by Mango, highly illuminated. by Mango, on a Earth background.

As the scientific community grows more and more concerned with the problem of space
debris, it looks for a remediation concept. An example of that trend was the first European
Workshop on Active Debris Removal, organised in the headquarters of the CNES in Paris on
the June 22nd 2010. Few ideas and studies were presented, and in particular, few European
universities presented de-orbiting mission studies based on current technologies. One noticeable
was Cranfield University (United Kingdom). Their project, Debris Removal in LEO (DR
LEO, [10]) led to the Yuki concept, figure 18. This concept is also one chaser-one big debris,
but to cut the cost, b chasers are brought to orbit in one launch.
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Figure 18: Yuki concept (CAD drawing by Ratcliffe, 2010), Cranfield University.

2.2.2 Space robotics’ problem

There is one major problem for robotics in orbit: there is no fixed base! The problem is
depicted on the following schematic (fig 19). This figure shows the trivial example of a 1-

Actual
position 9 T
A First issue :
, o [ Position (in
& 90" Joint A8 task space)
\o/ command '
Wished not reached !

position

Second issue : Base moved!
(as antennas moved, communication

with ground stations not possible
anymore)

Figure 19: 1 DOF robot in space: simple depict of the problem, both link have the same
inertia.

DOF space robot, trying to reach a goal depicted by the light circle on its right. On Earth,
the manipulator would reach it by a 90° joint command, however in space there is no force
compensating the reaction of the base. In this one problem, there are two issues: first, the
end-effector did not reach the desired position, second, the base moved and the user is no
longer able to communicate with the robot-satellite.

Of course this problem is not new and robotic systems have been used in space for a
few decades now. However in most systems the base was way much more massive than the
manipulated object (even the in the Shuttle (RMS)).

Lindberg, Longman, and Zedd (in the first article of [18]) addressed issues related to dy-

Clean-mE project 11/52 i



WP: Optimization of the algorithms and mechanical design for orbital grabbing

namics and kinematics of a space robot, which control depends on dynamics parameters as
well as motion history. Longman, in the second paper of [18], showed how the forward and
inverse kinematic problem become much more complicated when the mass of the load is not
negligible compared to the one of the base. He also propose a scenario for attitude control of
the base using the robotic arm instead of jet thrusters. This scenario is recycled in step 4 of
the presented scenario section 3.3. One solution is developed for a point mass load problem.
Vafa and Dubowsky developed the concept of Virtual Manipulator (see the eponymous paper
in [18]), which is a kinematic representation of the real system as a fixed manipulator, by con-
sidering the immobility the center of mass of the entire system. Such concept begins to allow
the use of control methods for fixed manipulators. Yoshida and Umetani present the concept
of Generalized Jacobian Matrix (GJM), and two control methods based on this concept in [19].
This concept eliminates 6 degrees of freedom of the base to focus on the end-effector control.
The GJM is an enhanced Jacobian, taking the reaction base motion in account. This allows
to use control methods using Jacobian matrix, developed for fixed earth-based manipulators.
In the original definition given in [19], it is assumed that no external forces nor torques were
applied on the system, however this assumption is not necessary for the definition of the GJM,
see reference [12]. Along with the GJM is defined the Generalized Inertia Matrix for space
manipulators (GIM). The same authors, joined by Nenchev, worked out the Reaction Null
Space (RNS) [20] formulation based on the opposite approach: this time the goal is to not dis-
turb the spacecraft attitude while moving the end-effector point. This is achieved by specific
trajectories. The validity and effectiveness of the last two formulations has been demonstrated
in orbit, on the ETS VII mission [13].

This list of mathematical modelling is far away from being extensive. However the useful-
ness of the GJM has been demonstrated. This formulation is quite portable as it is compliant
with ground-based manipulator controls, and it allows non-zero external momentum and forces
- useful when the user of the robotic-armed chaser wants to use reaction wheels, at least to
compensate the gravity torque.

3 Remediation Concept

3.1 Problem statement

The solution to the Kessler Syndrome is an Active Debris Removal mission, ie to get there,
and take down the debris that would not come down by themselves (within a specified period
of time). The scientific community is recommending that 5-15 large (> 10 cm) debris objects
be removed per year.

To do that, we need to launch a spacecraft, equipped with a subsystem to handle debris,
and with a Attitude Determination and Control Subsystem (ADCS), able to withstand the
needs of determination of the debris-handling subsystem, and the needs of control accuracy not
only of this subsystem but also for the re-entry, carrying the debris. Previous studies have been
made both on the handling subsystem [21] and on the ADCS that can be used for control of the
spacecraft during approach, rendezvous, grabbing and de-orbiting/re-orbiting phases. The DR
LEO concept [10] seemed adapted to the small mission, one big object retrieval demonstrator
planned here at the Space Center (EPFL). The ADCS parameters used in simulation are those
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of the study |22], which is widely based on the ATV architecture. The parameters worked out
will be used as a basis for the following (as a first loop design). The reader should consult the
requirement list in appendix A.

Based on the study [21] and [4], and the requirements list in appendix A, the preselected
manipulator is the DLR robotic arm LWR III.

3.2 Location of the grabbing on the target by the manipulator

The location of the grabbing on the target is quite delicate. The first thing to notice is that
when the thruster(s) for the de-orbiting phase are fired, the plume should not be deviated by
the target, so the chaser should ’push’ and not 'pull’ the target, for an optimum use of the
fuel. The direction of the thrust also should goes by the center of mass of the target for the
same reason.

A good location has to allow a good final positioning of the chaser and its thruster(s) onto
the target. There are mainly three different locations that could be used as a handle by a
robotic manipulator (Ariane 4’s third stage H10 case, see figure 21):

e The safer and more ’'portable’ choice would be the adaptor between the third stage
and the satellite(s), as all third stage have almost the same connector’s geometry, for
commercial reasons. However, this adaptor is very distant to the center of mass of the
stage, and thus either require a very long robotic arm, or an intensive usage of fuel in
order for the chaser to track this adaptor.

e The nozzle of the stage is much more closer to the center of mass point and thus require
as shorter arm. However in the case of the H10 stage for example, this distance is still
quite prohibitive: the end of the nozzle is at 4m of the center of mass point, leading at
least to a four meters long arm. Moreover, as the chaser should push the target, there is a
big issue: as soon as the engine stops its burn, the pressure in the actuators maintaining
the position and orientation of the nozzle, with reference to the tanks of the stage, is
released. Hence pushing on the nozzle does not imply a pushing direction through the
center of mass. Even more, after 725 to 780 (H10 to H10-3) seconds of burn, the nozzle
is highly heated, and then heavily cooled as it is into the cold of space. Because of that,
we can have absolutely no certainty about the shape of the nozzle, nor its state. To get
an idea of the heating phase of the nozzle, see figure 20.

e A rod connecting the re-pressure tanks to the fuels tanks (see figure 21). Each rocket
stage needs a re-pressure tank (generally of helium) as it uses its fuel. Those re-pressure
tank(s) are generally beneath the tanks and above the motor, making the rod(s) real
close to the center of mass of the stage. The re-pressure and fuel tanks are linked by
rods that are designed and tested to handle the acceleration of several g of the launch,
with the full mass of the fuels tanks weighting on it.

The Ariane 4 rocket had to handle 4, 5g at first stage cut-off. From the tank configuration
of the H10 in [9], the mass supported by the rod is of the re-pressure tank only. From
the tank configuration, we can estimate the diameter of the helium tank, about 650 mm;
and we know the helium stocking temperature and pressure, from the Arianed user’s
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manual |23], to be 100 K and 200 bar. Knowing those two parameters we get the density
of helium': 74,76 kg/m3. A quick estimate of the helium’s mass, assuming a perfect
sphere shaped tank of volume 4/3.7.r% is 10,75kg. An estimate of the tank’s mass,
assuming a steel of a medium density of 7800 kg/m3 for a spherical tank of volume
4.1.r%.e, with a 10 mm thickness e, is 414,12kg. The sum of those masses leads to a
force handled by the rod slightly under 19 kN. According to this figure, we can be quite
sure that this rod will handle the forces that a grasping process and manipulation can
generate.

Figure 20: Heated nozzle of a third stage, cooling down.

3.3 Scenario

The goal of the ADCS + grabbing subsystem design is to reduce the use of the ADCS during
the grabbing phase in order to reduce the consumption of fuels. The optimal reduction is to
not use it at all. That is satisfied by the scenario of the mission as it follows (see figure 23):

1. Launch, deployments, orbit positioning (circular orbit below the target).

2. Analysis of the target (as many orbits as necessary, until the target is well identified, as
well as its movements).

3. Rendezvous (closing gap between target and chaser: the chaser approach closer than one
meter the target moving zone (see figure 21: the big black arrow is the axis of rotation
of the target, its origin is the center of mass. The target pictured is the 110 upper stage
(Ariane 4), our main targets. The wide-spaced dotted frame depict the window in which
the target moves, and that the chaser will avoid, the norrow-spaced dotted frame is the
same window but for the x angle to 0 degrees (worst case)).

4. Emptying momentum of the reaction wheels (no perturbing reactions during catching
phase that can be avoided! This phase can be done with the arm to save some fuel,
see Longman’s scenario for base attitude control in [18]|. According to projections from
the Yuki’s scenario [22], the emptying of reaction wheels momentum is the task that use
most of the on-board fuel).

'Thanks to WolframAlpha
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rod

Figure 21: Approach and positioning of the chaser with reference to the target.

5. Grabbing (see section 4): the chaser is placed within the axis of rotation of the target,
and from there the arm follow the point aimed for the grabbing while the target rotate
(see figure 21). This point aimed at for the grabbing phase is the middle of the exposed
connecting rod between the LOX tank and the re-pressure tank.

6. Autonomous phase:

(a) (passive sub-phase) Target grabbed, chaser adopts the movement of the target (in-
ertia of the target way over the chaser’s).

(b) Reversing the kinematics, the chaser places itself onto the target, in a location that
will allow it to control the trajectory, communicate with ground stations and have
an efficient thrust for the group formed by itself and the target (see figure 22).

The favoured scenario is the nozzle atop configuration. In this configuration, the
alignment does not rely on the tanks-nozzle alignment because of two problems.
First, as soon as the rocket’s thrust is shut down, this alignment is disabled?. Sec-
ond, after the burn, the geometrical definition of the nozzle is no longer known.
Hence, the idea is to control the alignment via the robotic arm, still grabbing the
rod, while the main thrust goes by the nozzle.

Zsource: Chistophe Bonnal, chef de projets senior, Direction des Lanceurs du CNES
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Figure 22: Detail of step 6b : two possible positions of the chaser onto the target.
The reader’s attention is directed towards the nozzle position: in this configuration,
the chaser is aligned with the center of mass of the target by the manipulator still
connected to the rod, it will produce an efficient thrust.

(c¢) Recovering ground station liaison after/while stabilizing the target. If the position
onto the target of the spacecraft is the top or rear of the stage, it may put the both
of them into stabilizing spin along the axis of revolution of the target.

7. Decelerating thrust to get on a correct re-entry path.

8. controlled re-entry.
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IE‘anmE + debris
N

Figure 23: Deorbit scenario.

4 Grabbing

4.1 End effector positioning problem

On ETS-VII [13] were tested three different control strategies: conventional manipulation
(meaning the position and attitude of the hand are commanded in the satellite-fixed coordinate
frame, while the attitude of the base should be maintained by reaction wheels: compensation of
the lack of static inertia of the base (like on Earth) by dynamic inertia), Generalized Jacobian
Matrix (GJM) [19] and Reaction Null Space (RNS) [18].

Two exercises put the differences and utilities of the different formulations in evidence: in
exercise A the trajectory asked to the end-effector was a straight line in the inertial frame, and
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the exercise B was a two-phase approach of an initial 400 mm distant target, drifting with a
velocity of 10mm/s. The target constrain was to keep the target in the range of the camera.
Those two phases consisted of a first rough approach, and then switching to a more exact
dynamic of motion when reaching either 100 mm distance to the target or, for the conventional
approach as it was clear it would not reach the arbitrary limit, a time limit. The data of this
latest experiment is shown for two cases: first, conventional with base compensation figure 24;
second with a RNS approach switched at 100 mm from the target for a GJM final approach
and capture on figure 25.

It turns out that the base compensation only is neither accurate, neither does it keep the
base at a constant attitude: for the exercise A, the hand had one degree of error in pitch,
whereas for exercise B, the base attitude was disturbed more than one degree. The RNS is
quite good for constant base attitude, as it is designed to, but not that good at end effector
accuracy, while the GJM does not keep the attitude of the base constant, but is really good
for the end effector accuracy: exercise A resulted in less than 0.2° in pitch error.

Those values may seem quite low but one has to keep in mind that the manipulator length
is 2m and it operated at less than half a meter, furthermore the base was quite heavy (2.57,
order of magnitude of the inertia ratio between base and links is about 10%). One other fact
stood out of the experiments: the gravity gradient was not negligible, opposed to the usual
assumption when using a manipulator, for its reaction is dominant over a short-time range.

Distance between the hand and target = Distance between the hand and target _
£ 500 o e o s et 500 e e o
£ | | | | I | !
0y R R (Y (U . 7 s
! ! 1 ! 12 | |
300_?. i) g _._..._.._.!______._._.._!L% . - -I—
1o . S | RSV PR ———t
| | | | |
100 —| ‘ _hﬁ.'_._.._._._i._ e
| |
odl .l v S
| | \ T i '
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Time(sec) Time(sec)
F s | — ST (S e S [
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5 e e |
08 0.8 __E.____._______....._. ) S . e
0.6 - 0.6 / : i
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Figure 24: ETS VIL: autonomous target Figure 25: ETS VII: autonomous target

capture: conventional satellite-frame fixed capture: RNS-based reactionless approach
trajectories, with base attitude compensa- switched to GJM-based inertial manipula-
tion with reaction wheels. tion when closer to target than 100 mm.

Clean-mE project 18/52




WP: Optimization of the algorithms and mechanical design for orbital grabbing

The duration of the project allowed me to implement only one of the two strategies, and
as the GJM was fundamental to effectively grab the target (final approach phase, figure 25),
I chose to implement it instead of the RNS. Moreover one could project a truly autonomous
mission, where constant attitude of the base would no longer matter, as the spacecraft is
no longer controlled by ground stations - it would control itself with reference to the target.
Furthermore, thanks to Generalized Jacobian and Inertia Matrices, base attitude reaction can
be estimated beforehand and a feed-forward command can be generated.

4.2 Implementation
4.2.1 Structure and user’s guide

I used RobotToolKit [24] (RTK) for the implementation in C++. RobotToolKit is an open-
source robot simulator developed for researchers and robot hackers under GNU licence. It offers
a C++ environment for the control of a robot, with a set of mathematical and robot-interacting
classes.

I went for the implementation of the Resolved Acceleration Control method together with
the use of Generalized Jacobian Matrix (GJM) [19] for the control of the robot, with an error
feedback loop through the video feedback, as the reader can see on the schematic on figure 26.
In the simulation, the video feedback is replaced by the actual position and orientation of the
end-effector, specified as a Pu-named link in the structure of the robot, and the position and
orientation of the target.

To be Done:
Finish CGM module,
Point on target tracking So far, handled by RTK
xd - . F .
Xa ¢ o Y 9
| LI %, RAC 5 23 ¢ ¢
S| vn = Pc = @ fe g n g
o) — g« Y, 2
3 S &1, ¢
S | p, i 1t HE [ |2 LYoz
1] I ion / ri o+ 2
- GJM ;s\;ir;f—'\nnvers'\on / GIM P ® ,%
SVD decomposition 4 X0 o
ki< &
T ' @
Video flux

Figure 26: Implementation schematic. The bold blue frame is what is left to do, explicitly the
tracking of the target.

Each of the boxes are implemented methods in the C++ class generalizedjacobianmethod,
which is constructed with the robot used in input, or CMGvO for the CMG box:
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e box "r;, p;, k;" is decomposed in two methods, GJMupdate, collecting for each link the
position of the center of mass r;, of the center of the joint p;, and the axis of rotation of the
joint k; and updating them. Then the method submatrices computes the submatrices
necessary to the definition of the GJM and GIM, and update them.

e box "GJM" correspond to the jacobian method which computes the GJM, updating it
and giving it back.

e box "Inversion/Pseudo-inversion/SVD decomposition" is decomposed in many methods,
corresponding to the different algorithms used for the kinematic inversion problem: on
one hand we have two methods working together: pseudoInverse, fed with the matrix
to inverse and the resulting matrix, used to separate the case of a square matrix, broad or
wide rectangular matrix. Then the matrix is send to the DegeneratedSVD which begins
by computing the rank of the "squared matrix" (in fact, of the matrix times the trans-
pose, or the transpose times the matrix depending on the case, see section 4.2.3 first and
second paragraphs), and then computes a degenerated SVD inverse (see third paragraph
of section 4.2.3) if the matrix is not of full rank, or simply send back an information of a
non necessary degenerated SVD inverse computation so the first method can deal with
less computationally expensive inverse methods (pseudo-inverse or simple inversion as
implemented in RTK). On a second hand were implemented the Damped Least Squares
algorithm in the DLS method. This is fed with the matrix to inverse, the matrix resulting
of the inversion, and a damping constant A. This method is computationaly cheap as
it does not any SVD decomposition. On a third hand were implemented the Selective
Damped Least Squares in the SDLS method. This is fed with the matrix to inverse and
the matrix resulting of the inversion. This method requires an SVD decomposition at
each step. On a last hand were implemented an intermediate method, the MixedDLS
method, computing an SVD decomposition each dozen or hundred of steps and DLS
the rest of the time using as damping constant the previously determined damping con-
stant. More information about those three algorithms and the reason of the redundant
implementation in section 4.2.3.

e box RAC is in fact two methods, but the first one, update is transparent as its only
use is to deal with the quantity of informations we have on the trajectory. When called
with the integer 1 specifying the use of the RAC method and the given vectors among
the end-effector position, attitude, speed, acceleration, rotational speed, and rotational
acceleration (in this order), it transmits the vectors to the RAC method. Then the RAC
method compute the command acceleration of each joint, calling the update of the base
vectors, submatrices, and Jacobian, as well as the inversing method. Still in debugging.

e RMRC is a simplification of the RAC method. In the same way it is composed of two
methods: the first one, update being transparent as its only use is to deal with the
quantity of informations we have on the trajectory. When called with the integer 2
specifying the use of the RMRC method and the given vectors among the end-effector
position and attitude (in this order), it transmits the vectors to the RMRC method. If
the attitude vector is not specified, the initial attitude is kept. Then the RMRC method
compute the command position of each joint, calling the update of the base vectors,
submatrices, and Jacobian, as well as the inversing method.

=
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e box "GIM", implemented as the inertiaTensor method, computes the GIM, updating
it and giving it back.

e box "Lagrange’s equation of motion", implemented as lagrangeForGJM, computes the
command torque of each joint, using the updated joint accelerations. Still in debugging.

e box "CGM" is the implementation of the first version of this command generator module
(see section 4.2.7) in the class CMGv0. It needs an initialization through the constructor
(which need two boolean, specifying if the user wishes null initial and final speeds and
accelerations), and then the calcul_traj method where the user should give the final
position, attitude, the initial/current position, attitude and last, if he wants, the duration
of the run to reach the destination, else one is automatically calculated depending on the
length between initial and final positions.

The user can thus get the Trajectory, Speed, Acceleration and Attitude of the hand at
the time ¢ through the accessors GetHand|...|. The user can also use a dummy trajectory
being a circle in the XY, YZ or ZX planes for test purposes by the CMGvODummyTraj
method, given the step (integer related to current instant t), the current position, the
base position and the plane, as a two character string (?XY?, XZ’ or ’YZ’, not regarding
on the order of the letters).

e alternatively, the box "CGM" can be replaced by an external list of points, with or
without the associated speeds, acceleration and attitude (given as 3 euler angles vector
or as a 4 components quaternion). This list is fetched by the Load method of the first
class. The user wishing to use this method to enter the commands should put the list
named CleanMeCommands.xml in the RTK/data/Misc folder, formatted as an XML file
such as the short example 1.

Accessors are available to access the matrices and vectors, and are quite straightforward:

e GetCurrentHandPosition
e GetCurrentBasePosition
e GetCurrentHandAttitude
e GetJacobian

e GetInertiaTensor

e GetRAC

e GetRMRC

e GetTorques
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<Commands>
<trajectory>
<point> 4.610000 2.510000 0.282000 </point>

<point> 1.000000 3.000000 1.000000 </point>
</trajectory>
<speed>

<point> 0.000000 0.000000 0.000000 </point>

<point> -0.000152 -0.000304 0.000000 </point>
</speed>
<acceleration>

<point> 0.000000 0.000000 0.000000 </point>

<point> 0.303378 0.606757 -0.000139 </point>
</acceleration>
<rotation>

<point> 0.000000 0.000000 -1.000000 0.000000 </point>

<point> 0.000000 -0.999999 -0.001571 0.000000 </point>
</rotation>
</Commands>

Code fragment 1: Example of the formatting of an external list of commands. Ounly the
"trajectory” points are necessary. The number of points should correspond between the dif-
ferent inputs, and should be selected based on the length of the trajectory and the time step
chosen in the simulator (config.xml file). This file was generated with MatLab.

4.2.2 Generalized Jacobian Matrix

This enhanced Jacobian matrix depends only on the joint positions and on the base attitude.
See its definition in appendix B.

Below are presented the useful vectors and matrices used thereafter:

* 9= t((bl, ¢2,..., o) the joints positions vector,

X = [ % } the end-effector position vector in task space in inertial frame,
In

e X, the base position vector in inertial frame,

°
1=

= '(71,...,7) the vector of the torques,

[ )
15

* the Generalized Jacobian Matrix for Space Manipulators [13] (GJM) (see below),

e H*, the Generalized Inertia Matrix for Space Free-Flying Manipulators [13] (GIM).
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The velocity of the manipulator hand in the inertial frame is expressed as:

X = Jm-¢+ Js. Xp (1)

On Earth we would have X, = 0 but not in space. To be able to use the Jacobian-based
algorithms, we have to get rid of the second term.

Now, there is no external forces applied on the spacecraft, hence the momenta of the system
remains constant, and we have:

{ ’E } = I, Xy + I (2)

Assuming nil initial momenta, equation 2 express 7, as a function of qﬁ and allows to get
rid of it in 1 equation, and defining the generalized Jacobian:

X=J9 (3)

With J* being:
J* = I — Jods " Iy (4)

In the process of establishing the generalized jacobian, from equation 2 and using the
angular momentum part, we got:

Loy +Ind=L=0 & =—I7 1,0 (5)

The equation 5 gives the attitude of the base resulting from the movement of the manip-
ulator, allowing a correction of this attitude before the actual manipulation in order to keep
contact with the satellite.

4.2.3 Matrix inversion

There are several matrices to inverse, some are square, but most are not and in both cases
some are not of full rank. Indeed, in the general case, a robot has not exactly 6 DOF. In the
case considered, it should have 7 (as we consider the DLR manipulator). This implies a non-
square Jacobian, and thus a non-invertible one. Moreover, some singular cases may diminish
the rank of the matrix. In the case of full-rank square matrix, I use the already implemented
in RTK [24] Inverse method. In the case of full rank but non-square matrix M € My, , (R)
with m < n, I will use the pseudo-inverse for broad matrices, noted M ™:
M =M (M) (©)
In the case of full rank but non-square matrix M € My, (R) with m > n, I will use the
pseudo-inverse for tall matrices, noted M™:
M* = (M) (7)
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Finally, the non-full-rank case occurring at singularities. In this case I first used singular
values decomposition. Thus for M € M, , (R) with r < min (m,n) the rank of M:

Mt =V,.D. U, (8)

Then in a first approach, I deleted near-zero singular values and their left and right singular
vectors (Generalized Singular Values Decomposition [25]), in a second, instead of deleting the
singular values, set their 'inverse’ to 0.

This second algorithm was much more robust to singularities than the previous ones, but
not enough. Indeed the stability of the inversing algorithm should be very high because we try
to control 9 degrees of freedom (3 for the hand position, 3 for the hand attitude and 3 for the
base attitude. The base attitude is not strictly speaking controlled, but as to stay within small
motion range, which forbids high dynamics on the arm which would led to big movements of
the base).

In 2009 Samuel Buss made a review of algorithms to solve the Inverse Kinematics problem
[26], on which is based the following. The SDLS algorithm is based on a previous work of the
same author [27].

The next method implemented was the Damped Least Squares method which minimises
|[J.A0 — Ac|| + X2.||Af]|| instead of just the first part. In words, it means it minimises the
tracking error and the joint velocities instead of simply the tracking error without any regards
for the joint velocities.

The problem with this algorithm is double: the damping constant A has to be tuned up for
the application, and is identical for all joints. The SDLS algorithm do a SVD decomposition
and adjusts the damping factor separately for each singular value of the Jacobian based on the
difficulty of reaching the target positions.

A last implementation is a trade-off between those last two: called MixedDLS, it does a
SDLS inversion and stores the damping factors. Then it uses those stored values for DLS
inversion in the next hundred or thousand steps, and then re-do an SDLS inversion before
the stored values are not adequate anymore. As in this gap between two SDLS inversion may
occurs a singular position, the damping factors determined have a minimal value, very low,
but not null.

In our application, the DLS is preferred as the tune up of the damping value can be done
before hand.

It should be noted that some of the inverted matrices in the generalized jacobian algorithm
are intricately invertible as I, and Hy, are (as proved in 4.2.6).

4.2.4 Control algorithm

Resolved Motion Rate Control:

X = J*(QO7 ¢) ¢ = Xnemt - Xprevious =J". (¢neact - ¢previous)
= (z)nea:t = (z)previous + J*71~ (Xnea:t - Xprevious)

9)

This control needs only the inversion of the Jacobian, but needs a controller to ensure the
following of the consign.
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Resolved Acceleration Control (RAC), feedback loop: As described in [19], in order to

be able to control the dynamics of the robot, we differentiate the relation between the workspace

position and the jointspace position - the d subscript indicating wished or calculated positions
and variables. ) . . o .

X:J*(Qo,¢) ¢ = Xg=J%¢g+ J" .Pq 10

= (ﬁd:J*Jr.(Xd—j*.d‘)d) (10)

Furthermore, this formulation allow a feedback from the error in position and in velocity.

ba= [ Kat Ko (K= X) + Ko (Xa - X) — 2.0 (1)

There is the matter of the gain matrices K; and Ko that are to be tuned.

Attitude Control: The error function to be minimised used is:

e=1/2%[iNig+jAja+kNkg =n.sin(a) (12)

This function was determined by Luh et al., [28] and is used since then, particularly for
RAC.

4.2.5 Torques: equation of motion

However, the motors of the arm are controlled by torques. From the RAC, we get the accel-
erations that we should have on the motor to get it to described the desired motion. To get
torques from accelerations, we use an equation of motion derived from a Lagrange function [19].

1+

2

e e D
dar -

¢;.H*¢} . (13)

4.2.6 Solving joints gradient from equation of motion

In equation 13, the third product on the first hand of the equation is problematic. I settled
to find out explicit derivatives of the td).H *qb product with help of a formal algebra software,
Maple(©. First, I simplified the algebra by reducing the inversion of the 6 by 6 block matrix
Hy,, (see appendix B), to the inversion of one 3 by 3 matrix, using Volker Strassen formula for
the inversion of block matrices :

t x—1 = t x—1
-1 + "Tog. H T —"Tog.-H
Hy,™ = | mg, = 97w 0 09w (14)
x—1 ~ x—1
—Hw .T’()g Hw

H, = Hy — mon-Fog-'Tog (15)

Furthermore, this H}, matrix left to inverse is invertible because of its definite positive
character, shown in the following demonstration.
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Proof. On a first hand we know that 7o, are antisymmetric matrices, and thus they are of

alternate form, thus semi definite positive
Ve e R ' iz =0 = ‘ziga>0 (16)
Furthermore, the square of an antisymmetric matrix is definite negative
z = |lzrl[® — [zl ||zl[* < 0 (17)

Vx€R3 t@i X =

On a second hand, we use the triangular inequality : Vz € (R+)

n 2 n
by m;.ro; | X = E tgm?QQQ

i=1

(18)

which is true because all elements of the sum are positive, as Vi € [1;n], m; > 0 and as shown

beforehand for ;.
On a last hand, we can work out a low limit for ‘z.H},

n n
H, = Zfz‘ + Z (mi."70;.Foi) — Mon-Tog- Fog (19)
i=0 i=1
n n 5 B
H:—> 1L = —=> (mzrgz) + mOn.rgg
i=0 i=1
2
n <Z my;. TO’L)
H -1 = =Y mis + 21— 72
w ZZ:O 7 Z (N Oz Mon (20)
n n zm rOz
e
i=0 mon
\W_/
>0
mon
n _Em "”m"‘Zm TOZ
H* o I > =1 =1 -0 21
“ Z ‘- mon ( )
=0
Thereby, we have H definite positive:
n
be HY .2 > Ztm.fi.x >0 (22)
i=0
O
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For I, which is the sum of the inertia matrices and the sum of the opposite of mi.fgi, the
demonstration is even more straightforward as it uses only the first part of the demonstration

for HY.

Then, as we are sure that H}, is invertible, we use a 3 by 3 matrix inversion formula. We
now have the definition of the GIM that is definite.

What is left to do is to derive the GIM with respect to the joint positions. Eventually I
would use Maple to solve this problem, so far without success.

4.2.7 Command Generator Module (CGM)

The goal of the CGM is to generate commands to get from the current position (to be under-
stood : 6 components vector composed of the 3 components of the trajectory of the end-effector
point and of the 3 components of the attitude of the end-effector link) to the wished position.
Eventually this wished position will be the grabbing goal on the moving target, for now it is a
fixed position in the inertial space. As for the trajectory requirements, we look for smoothed
trajectory, as well as smoothed profiles for the joints speeds and accelerations as we want to
reduce the perturbing effect on the base. One way to satisfy those requirements is to have
smoothed trajectory, speed profile and acceleration profile on the end-effector. As for the atti-
tude requirement, we look for the shortest rotation to have the end-effector in the final attitude,
ready to grab the target. We would also like to have smooth rotation rate and acceleration.

In this first version of the CGM, I used BSplines for the commanded trajectory, and spher-
ical linear interpolation (Slerp) for the commanded attitude.

BSplines are polynomial forms defined piecewise, linked at the abscissa u; called knot, with
an order of continuity of (m — 1) for a BSpline of degree m. The control polygon PG,,, formed
by (n 4+ 1) points P; guides the spline:

P(u) =)  Nim(u).P; (23)
1=0

The abscissa u must be within the range of the knots sequence, vy < u; < --- < u, such
as u € [u;, up|. I set the knots by an uniform pattern. The mixing functions N, are m-degree
polynomial functions, with a local support (allowing to modify one point without modifying
the whole spline). They are defined recursively:

N; (u) =1 ifue [ui,uiJrl[

Nio(u) =0 else. (24)
U — Uy Ui+5+1 — U
Nijj = ———Nij1(u) + ————Niy1,j-1(u) (25)
Witj — Uq Uitj+1 — Ui+l

For more detailed informations about the BSplines, see section 5 "Les courbes Bspline" (BSplines
curves) of reference [29]| (pages 14-15), and about the setup pattern of the knots, see section
6.1 paragraphs "Paramétrage uniforme" (Uniform setting) and "Choix de la séquence nodale"
(Knots sequence choice) in reference [29] (page 16).
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In order to get smoothed profiles, I use a high order spline. In the case the arm touches the
target, we want the reaction to be minimal. Thus, we want the speeds and accelerations next
to null as we approach in really close range the target. Moreover, as speeds and accelerations
are null before the movement towards the target, I used a trick to define the control polygon
of the trajectory: in addition to the control points, the first and last ones are duplicated twice
(depending on the user’s will: when he calls for the constructor of the class he can specify to
discard this trick, partially by giving 0 and 1 to the two boolean-inputs of completely by giving
one or two 1). The effect is that speed and acceleration profiles are tangential to zero in initial
and final positions. That way we get a plot for a demonstration trajectory on figure 27.

Trajectory using BSplines

:'Spacecraﬂ
= Trajectory (BESpline)
| === Contraol palygone

Figure 27: Plot of a example trajectory.

In order to get the command speeds, the trajectory spline is derived, which is equivalent
to deriving the mixing functions Njp,:

n
C'(u) =Y Nlim(u).P; (26)
i=0
m m
Ny =———N;m1(t) = —————————— Nji1.m-1(u 27
Ujgm — Ui (W) Ujpm+1 — Ui+1 +m-1(w) (27)

The command speeds, plotted, give the figure 28 for the speeds on all three axis for the previous
trajectory.
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Speeds, using BSplines
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Figure 28: Plot of the speeds on the 3 axis for the previous trajectory (figure 27).

Last, the speeds are derived, or equivalently the N’;,, in order to get the accelerations
commands:

C"(u) =Y N"im(u).P; (28)
=0

N n—
N"im = m.(m —1). m-2(v)
(Uitm — 1) - (Witm—1 — W)

(Wipm — Ui + Uimy1 — Uig1) -Nip1,m—2(u)

(Wigm — i) - (Wigm — Wit1) - (Uigm41 — Uit1)

N Niyom—2(u) )

(ui+m+1 - Uz‘+1) . (Ui+m+1 - Ui+2)

This second derivative of the trajectory spline, plotted, give the figure 29 for the 3 accelerations,
the same way than for speeds.

However those speeds and accelerations are not the command speeds and accelerations.

Indeed, with u = f(t), the trajectory C'(u) is also C(f(t)) = (Co f)(t). To get command speed
and acceleration, the trajectory is derived with respect to the time :

S(t) = C'(f(1).f'(t) (29)
A(t) = C"(f)-(f (1)* + C"(f(1)-£" (1) (30)

As T choose the f function to be linear and satisfy the limits, f(0) = 0 and f(7) = 1,
which result in u = f(t) =

;) its second derivative is identically null. The duration T for
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Accelerations, using BSplines
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Figure 29: Plot of the accelerations on the 3 axis for the previous trajectory (figure 27).

the simulation and experiment is determined either by the user or by the ratio between the
distance from initial position to goal position with the maximum curvilinear speed wished,

Ty = %. Moreover, as the trajectory is sampled by NoP number of points, the equation
Ty = NoP.h comes out, h being the time-step for an update. This way, with the duration
Ty

of the experiment T, the number of points in which the trajectory is sampled is NoP = -.
Therefore, the command speeds are:

1 n ,
S(t) = NoB T ;N im (). P; (31)
And the command accelerations are:
A(t) = ; zn:N” (u).P; (32)
—=  (Norh)» & T

As for the attitude of the end-effector, the Slerp define the shortest rotation to go from
one attitude to another [30]. I chose to use it. To do so, the attitudes are first converted in
quaternions and then the Slerp formula for quaternion is applied. An example is plotted on
figure 30.

Then, the commanded attitude at instant ¢ is converted again into euler angles, carefully
because of the gimbal lock situation. This determinates the joint positions. Command laws for
rotational speeds and accelerations are derived from the slerp function. The interpolation func-
tion is a 5th degree curve to meet the conditions (nul initial and final speeds and acceleration,
equal to the unit at T').

=
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Minimal rotation between the initial angular position and the final one

T unit sphere

= Axis rotation using Slerp
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Figure 30: Plot of initial and final attitude on the unit sphere, and the slerp-determined

‘trajectory’ to go from one to the other attitude. (Only the tip of the axis of rotation is
plotted)

4.2.8 Tests

Means:
For debugging purpose, a simplified robot was used (2 DOFs, fixed base) on a simple tra-
jectory (circle in the X-Y plane), see figure 32. The real robot is used on dummy trajectories

(circles in XY, XZ, YZ planes), see figure 33 and on complex trajectories, see figure 31 and
next paragraph for details.

Nota Bene about figures 31, 32 and 33: The manipulator seems to be not linked to the
base, but that is just a display simplification of the base.

Clean-mE project 31/52




WP: Optimization of the algorithms and mechanical design for orbital grabbing

Robotsimulator

Figure 31: The spacecraft and its manipulator, with the trajectory displayed by small spheres
and the control polygon.

Figure 32: The spacecraft and its simpli- Figure 33: The spacecraft and its manip-
fied manipulator, with the trajectory dis- ulator, with the trajectory displayed by
played by small spheres. This dummy tra- small spheres. This dummy trajectory is

jectory is a simple circle centred on the ori- a simple circle centred on the origin of the
gin of the arm. arm.
Analysis:

I made two analysis for the last three implementations of the inversion process: during the
travel, following a path to its destination, and at destination.

The numerical analysis are available in appendices C and D.

The trajectory set for the tests are: (smoothed means 4th-degree curve, with nil initial and
final speeds and accelerations)
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3 radius:

— 1m, too close to the base with attitude control
— 2m, within working range

— 3m, too far, unreacheable (length of the fully extended arm: 2.78 m).

Each radius for 3 circles in orthogonal planes [inertial XY, inertial XZ, inertial YZ] to
test for the entire half sphere of action,

Straight line: smoothed (BSpline with a control polygon of only 2 points), difficult for a
serial manipulator

Complex BSpline/ smoothed, the actual kind of trajectory aimed at, set for control of
acceleration and speed.

Arm length and radius length:

The arm length is 2.78 m, so the 3m radius trajectories are purposely out of reach. The
goal is to see if the controller will follow the trajectory minus the unreachable length, and
observe the stability. The two main links of the arm are 1,4m and 1,1m long so the 1m
radius trajectories are purposely out of reach with the attitude control. Will the controller
make a trade-off between the attitude and the tracking target?

The result depends on the method used for the inversion. With the DLS, the 1m radius
path is followed with a trade off between the attitude and the tracking error. In the SDLS
and MSDLS cases, the tracking error is globally lower than the the attitude error. The same
goes for the 3m radius: the DLS keeps the attitude error restrained and follows the path with
a certain distance (corresponding to the distance between the end-point of the arm and the
trajectory) when the SDLS and MSLDS try to minimize the tracking error through unsteady
behaviour.

Definition of statistical criteria used:

NRMSE = (33)

Tmaxr — Tmin

with Zpee = maz(x,zq) and Tp, = min(z, xq).

RMSE = =1 (34)
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Definition of error for attitude:

The problem with the attitude is the domain of the values. In degrees, we can have succes-
sively 179° and —179° with a gap of only 2 degrees but the computed difference will be 358°.
I used the same error function to compute the attitude error than in the code, equation 12,
which evaluate the angle between actual and desired position: for (i,7, k) the three vectors
representing the frame with respect to the hand.

Evaluation of ||¢|| at target:

On an earth-based manipulator, it would not make sense to qualify the steadiness of the
joints, as the hand should have reached its target. However, on a space manipulator, every
movement of the arm induces an effort on the base, resulting in movement of the said base. As
there is no other forces, this movement is not compensated. Because of this, the base moves
when the arm is on target, and qualifying the steadiness of the joints is a mean to qualify the
steadiness of the base.

Quality analysis:

Pseudo-Inverse, transpose Jacobian as inverse and the first implementation of the tweaked
SVD inversion (with erasing the too close to 0 eigenvalues) are way too unstable at singularities
for our problem. The first encouraging results came with the second implementation of the
SVD inversion (with inverse eigenvalues set to 0) but for fixed robot instead of the free floating
base, because the joint velocities were too high to keep the base at a close to steady attitude
of the base. The last three inversion methods consider the joints velocities and for those the
results are encouraging. That is why the numerical analysis (appendices C for tracking and D
at target) is only about those, the other ones are not exploitable at all as the base’s attitude
does not allow the arm to reach its goal.

e SDLS: too noisy but quite accurate. It is not usable in our case.

e DLS: good results, probably due to the good set up of the damping constant. The
more stable of the three, does not generate too high joint or hand speeds even in the
unreachable cases.

e MSDLS: Settings: By only retriving the optimal damped constants from SDLS, too
unstable (SDLS inversion leads to the worst dq/dt, visible by a lot of oscillation in the
simulation) so I added a small minimum constant (1/10th of the damping constant of the
DLS method). Observations: With those settings, it gets the stability of the DLS and
the recovery capacity of SDLS. However, there is even more oscillations than the SDLS
on unreachable targets (see 3-meter circular trajectories). In all cases the accuracy is
better than with the other methods.

This analysis is illustrated on table 2 with data extracted from appendix C for targeted
case: BSpline. For the most stable case, DLS, the trajectory is projected in XY and ZY planes
figures 34 and 35, for a starting point at [x = 4.48,y = 2.51,z = 0.342], and hand attitude,
decomposed on the 3 axis, is depicted on figure 36. The stability of the motion is evaluated
from the joint speeds, figure 37.
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NRMSE+RMSE | NRMSE+RMSE | RMSE

position [% & m] | attitude [% & °| ld]|
DLS 0.362% ie 0.008 | 1.230% ie 0.917 | 58.821
min 3.063 180.0 0.0
max 5.150 254.6 305.7
MSDLS 0.047% ie 0.001 | 1.117% ie 0.833 | 86.375
min 3.063 180.0 0.0
max 5.147 254.6 | 3106.1
SDLS 0.090% ie 0.002 | 1.292% ie 0.963 | 566.268
min 3.063 180.0 0.0
max 5.147 254.6 | 1703.9

Table 2: Complex smoothed BSpline trajectory: nul initial and final speeds and accelerations

DLS: complex (BSpline) trajectory in XY plane with hand attitude control, damping constant of 1
5r- )

actual trajectory
consign

Figure 34: BSpline-DLS case: trajectory

projected on XY plane.

DLS: complex (BSpline) trajectory in ZY plane with hand attitude control, damping constant of 1
5o

actual trajectory
consign

Figure 35: BSpline-DLS case: trajectory
projected on ZY plane.

The tracking error of the DLS method is higher than with the other methods, but it is

more stable.

All data, graphs and video of the tests are available at this url: http: //perso. crans. org/

blanchet/epfl/results/.
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DLS: hand attitude on complex (BSpline) trajectory with hand attitude control, damping constant of 1
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Figure 36: BSpline-DLS case: hand attitude decomposed on 3 axis, modulo 180°.

DLS: joints speeds on complex (BSpline) trajectory with hand attitude control, damping constant of 1
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Figure 37: BSpline-DLS case: joint speeds.

5 Conclusion

In this project’s report, we proposed an original scenario for an ODR mission. There is room
for improvements, if only for the fact that one chaser spent for each target is quite prohibitive.
Furthermore, the mathematical modelling is not good enough. Ideally, the end-effector should
be positioned in a target-fixed coordinate frame, and the satellite base in the inertial coordinate
frame.

Nonetheless, on this first implementation, there is still work to do, but for reachable tra-
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jectories the accuracy requirements are met. Even though the DLS inversion method does not
always meet the accuracy requirements, I recomend its use as it is the more stable inversion
method.

Moreover, The concept and scenario seem promising as the grabbing process does not uses
fuel to have the chaser track the target like any other scenario, which is quite expensive.

6 Left to do

Two methods in the generalizedjacobianmethod are left to debug; the tracking of the goal-
point onto the target is also not implemented.

On another scale, next step is to add noise on the joint positions and velocities that are
measured and fed back to the control loop, corresponding to the inaccuracy of the dedicated
sensors. In the same line of thought, the position, orientation, velocity and rotation rate of the
end-effector, as well as the position, orientation, rotation rate of the target should be modified
by a noise corresponding to the inaccuracy of the video feedback.
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B Generalized Jacobian Matrix

This enhanced Jacobian matrix depend only on the joint positions and on the base attitude.
Before defining the working variables and matrices, we define the following elementary variables
(reefer to the schematic figure 38) along with one operator:

joeint 1
ky
#1

link 0

Y of
4
a Satellite Main Body
x \\\\‘
I ¥
L, ¢ Inertial Coordinate System

Figure 38: Schematic of a space manipulator with the parametrisation associated.

e Vi € [1;n], a; the vector between p; and r; for each link (intricate to the link and its
orientation, constant norm),

e Vi€ [0;n], b; the vector between r; and p;11 for each link (intricate to the link and its
orientation, constant norm),

o Vi € [I;n], R, rotation matrix between p;p;+1 and a; for the link ¢ (intricate to the

link, constant),

e Vi € [0;n], Rpg,, rotation matrix between p;p;;1 and b; for the link i (intricate to the

link, constant),

e Vie [1;n], R;, rotation matrix between k; and k; 41 for the link ¢ (intricate to the link,
constant),

o Vie [1;n], R(¢;), matrix of the ¢; rotation on the k; axis (z-axis rotation of ¢; matrix

formatted),
0 —c b a
o= ¢ 0 —a |, the antisymmetric matrix associated with the vectorxz = | b
b a O
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Thanks to those, we define the working variables:

e Vi € [0;n], m; the mass of each link,

J
e V(i,7) € [0;n]%, mi; = > my the compact sum of masses, in particular mgy, repre-
k=i
senting the mass of the whole spacecraft,
e Vi€ [0;n], I the inertia matrix of each link,

e Vi€ [0;n], r; the position of the center of mass of each link,

n
e 7, the position of the center of mass of the whole spacecraft (mon.rg =5 m .n),
- - =0

o Vi [1;n], p; the position of the center of the joint 4,
e p; the position of the end-effector point,
o Vic [0;n], £ the attitude of each link,

e 0, the orientation of the end-effector point,
o Vi€ [0;n], Fk; the axis vector of each joint <@ = &g),
o V(i,j) € ([0;n] U{g})?, rij =rj—r; the vector between 2 center of mass,
e V(i,7) € ([O;n] U {r})2 ., Pij = pj — pi the vector between 2 joints.
And how they are linked to the elementary variables: Vi € [1;n],
® piv1 =1i+bi,

o T12ﬁ+&7

° & = R(sz)&kz—h

e a; = ai.tRai.R (¢1>RZM;1,
- = ||pipi—1||
Pibi—1
e by =b;.'Rs..R(¢;).Ry. ———.
- S AN ||pipi—1]]

Thereby we can define the useful vectors and matrices:

* 9= t(qbl, ¢2, ..., o) the joints positions vector,

o X = [ % } the end-effector vector in task space,
Un
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o 7 ="'(r,...,7,) the vector of the torques,
o J' = @ — iéfllﬂ] the Generalized Jacobian Matrix, such as X = J:*@,

S

t -1 . @
* = Hy—"Hpp, . Hpy, ™~ Hpp, with: Hy,, = 7. | and Hy, =
— wo _—

t~
mOn'Lﬁ Mon- Tog ]

m(m.fog Hw

With the underlining matrices of the jacobian:

_— JTw n
.J:m:J:m+:s TO/;TLO ]7
[ kA (pr—p1) kn A (Pr — Pn)
.Jm_[ k1 kn ’

it
&l
) Q
| I |

n
o L = Iy + mon.igiog + 3 @—mi.g.@) -y (é— m1@2>

== =l

n
o Im=), (&@ + mzﬁ@) —Tg-J1w.
i=1 Y& ==/ ==

And of the inertia tensor:

n
o I, — 0+Z<£+mi.t@.@),
=1 Y I

n
o Hos =Y. (Lidmi +mifos-Jrs),

o Hy=2. (t@-ﬁ-Jm +m¢.t@.@).
=1 -

And finally the common matrices to both the jacobian and the inertia tensor:

e Jri=[kin(ri—p1) ... kiA(ri—p) 0 ... 0],

e Jpi=[ki ... ki 0 ... 0],

°
~

n
Tw = Y M. Jr;.
— i3
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C Numerical analysis of the results - tracking case

NRMSE | NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m] | attitude [% & ] [|all ||g|| | position | attitude

DLS 0.341% ie 0.006 | 1.183% ie 0.882 | 127.887 69.734 | 44.781% | 62.882%
min 3.317 180.0 0.0 0.0 8.4 299.4
max 5.147 254.6 348.3 649.1 34.5 970.6
MSDLS 0.270% ie 0.005 | 1.241% ie 0.925 | 161.744 329.944 | 67.035% | 87.064%
min 3.316 180.0 0.0 0.0 51.3 1673.2
max 5.147 254.6 445.7 9517.9 123.0 2275.9
SDLS 0.399% ie 0.007 | 1.104% ie 0.823 | 127.121 326.225 | 58.610% | 61.595%
min 3.317 180.0 0.0 0.0 44.0 1044.5
max 5.147 254.6 347.8 1167.2 585.6 | 12063.8

Table 3: Straight smoothed trajectory: nul initial and final speeds and accelerations

NRMSE | NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m] | attitude [% & 7] [lal] l|¢|| | position | attitude

DLS 0.362% ie 0.008 | 1.230% ie 0.917 | 106.620 58.821 | 26.893% | 61.549%
min 3.063 180.0 0.0 0.0 13.2 216.2
max 5.150 254.6 340.4 305.7 32.2 953.5
MSDLS 0.047% ie 0.001 | 1.117% ie 0.833 | 124.234 86.375 | 38.355% | 66.226%
min 3.063 180.0 0.0 0.0 20.0 284.0
max 5.147 254.6 344.2 3106.1 344 978.9
SDLS 0.090% ie 0.002 | 1.292% ie 0.963 | 122.550 566.268 | 59.077% | 65.543%
min 3.063 180.0 0.0 0.0 101.9 2298.8
max 5.147 254.6 338.5 1703.9 1066.9 | 20456.0

Table 4: Complex smoothed BSpline trajectory: nul initial and final speeds and accelerations
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NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m] | attitude [% & ] [lall ||d|| | position | attitude
DLS 0.165% ie 0.004 | 0.730% ie 0.544 | 92.675 33.127 | 21.999% | 58.073%
min 2.628 180.0 0.0 0.0 11.5 136.8
max 5.147 254.5 322.6 256.7 31.7 1340.1
MSDLS 0.048% ie 0.001 | 0.730% ie 0.544 | 92.398 44.010 | 23.814% | 60.104%
min 2.628 180.0 0.0 0.0 12.7 293.2
max 5.147 254.6 323.0 1524.2 33.0 1346.6
SDLS 0.047% ie 0.001 | 0.730% ie 0.544 | 92.463 449.278 | 65.907% | 62.959%
min 2.628 180.0 0.0 0.0 170.7 2582.4
max 5.147 254.6 323.6 1696.0 453.2 | 22227.0
Table 5: Circular trajectory of 1m radius in the XY plane
NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m]| | attitude [% & ] [lall ||d|| | position | attitude
DLS 0.089% ie 0.002 | 1.119% ie 0.834 | 79.973 17.830 | 19.882% | 59.141%
min 2.627 180.0 0.0 0.0 5.0 183.9
max 5.147 254.6 | 281.3 285.3 33.9 1298.7
MSDLS 0.044% ie 0.001 | 0.730% ie 0.544 | 79.546 23.873 | 19.850% | 59.124%
min 2.628 180.0 0.0 0.0 5.1 219.2
max 5.147 254.6 281.4 989.8 34.6 1244.2
SDLS 0.040% ie 0.001 | 0.730% ie 0.544 | 79.504 290.582 | 54.466% | 61.009%
min 2.628 180.0 0.0 0.0 56.2 1147.4
max 5.147 254.6 281.4 970.5 384.6 | 21771.5
Table 6: Circular trajectory of 1m radius in the XZ plane
NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m| | attitude [% & °] [|all [|d|| | position | attitude
DLS 0.130% ie 0.003 | 0.637% ie 0.475 | 98.530 32.776 | 65.460% | 60.382%
min 3.102 180.0 0.0 0.0 11.7 181.5
max 0.147 254.5 361.4 401.0 32.9 1410.6
MSDLS 0.036% ie 0.001 | 0.637% ie 0.475 | 98.270 42.903 | 63.792% | 60.803%
min 3.102 180.0 0.0 0.0 13.3 327.0
max 5.147 254.6 361.3 2189.7 34.3 1427.4
SDLS 0.055% ie 0.001 | 0.646% ie 0.482 | 97.934 1389.157 | 62.736% | 58.108%
min 3.102 180.0 0.0 0.0 171.0 | 13639.3
max 5.147 254.6 360.6 6291.7 1060.5 | 267106.8

Table 7: Circular trajectory of 1m radius in the YZ plane
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NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m] | attitude [% & ] [lall ||d|| | position | attitude
DLS 0.057% ie 0.001 | 1.077% ie 0.803 | 61.911 17.397 | 17.676% | 57.636%
min 2.551 180.0 0.0 0.0 3.7 51.8
max 5.147 254.6 262.8 258.4 34.2 1010.1
MSDLS 0.015% ie 0.000 0.811% ie 0.604 | 65.596 22.459 | 16.853% | 58.114%
min 2.551 180.0 0.0 0.0 4.6 75.8
max 5.147 254.6 262.8 920.3 37.8 1012.9
SDLS 0.029% ie 0.001 1.053% ie 0.785 | 61.475 684.255 | 67.218% | 60.120%
min 2.551 180.0 0.0 0.0 353.3 3711.9
max 5.147 254.6 263.1 2212.4 926.0 | 23874.4
Table 8: Circular trajectory of 2m radius in the XY plane
NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m]| | attitude [% & ] [lall ||d|| | position | attitude
DLS 0.052% ie 0.001 | 0.937% ie 0.698 | 54.402 26.398 | 22.972% | 79.210%
min 2.551 180.0 0.0 0.0 14.6 609.8
max 5.147 254.5 247.0 262.3 40.1 1466.0
MSDLS 0.014% ie 0.000 0.833% ie 0.620 | 60.003 34.786 | 23.844% | 71.802%
min 2.550 180.0 0.0 0.0 18.5 768.2
max 5.147 254.5 244.9 920.3 47.4 2144.0
SDLS 0.009% ie 0.000 | 1.342% ie 1.000 | 53.684 177.999 | 51.139% | 63.192%
min 2.550 180.0 0.0 0.0 42.6 1115.7
max 5.147 254.5 245.0 970.3 306.2 6025.1
Table 9: Circular trajectory of 2m radius in the XZ plane
NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m| | attitude [% & °] [|all [|d|| | position | attitude
DLS 0.041% ie 0.001 0.732% ie 0.546 | 65.599 8.088 | 53.766% | 61.376%
min 3.455 180.0 0.0 0.0 16.4 117.5
max 5.147 254.5 | 276.3 230.2 29.3 1060.8
MSDLS 0.174% ie 0.003 0.737% ie 0.550 | 67.269 1420.381 | 61.460% | 57.777%
min 3.455 180.0 0.0 0.0 682.9 7068.7
max 5.147 254.6 314.6 14000.1 2824.8 | 275579.3
SDLS 0.197% ie 0.003 | 0.738% ie 0.550 | 66.756 1482.743 | 62.046% | 59.063%
min 3.455 180.0 0.0 0.0 770.3 | 28250.2
max 5.147 254.6 317.0 6782.1 2909.6 | 313469.0

Table 10: Circular trajectory of 2m radius in the YZ plane
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NRMSE | NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m| | attitude [% & °] [|ql] ||d|| | position | attitude

DLS 8.628% ie 0.286 | 0.935% ie 0.725 | 152.741 44.846 | 38.311% | 62.923%
min 2.727 176.3 0.0 0.0 26.4 892.5
max 6.041 253.9 500.9 2695.1 47.6 3875.6
MSDLS | 5.038% ie 0.164 | 0.283% ie 0.603 | 96.532 4757.373 | 68.338% | 81.042%
min 2.782 334 0.0 0.0 2742.0 | 276285.2
max 6.041 246.2 572.5 57292.5 8455.5 | 659270.2
SDLS 8.614% ie 0.285 | 0.628% ie 0.740 | 54.422 1389.128 | 76.235% | 59.397%
min 2.729 134.6 0.0 0.0 2907.2 | 45379.2
max 6.041 252.4 235.9 5750.9 4760.9 | 340017.4

Table 11: Circular trajectory of 3m radius (unreachable) in the XY plane

NRMSE | NRMSE

NRMSE+RMSE | NRMSE-+RMSE | RMSE RMSE speed speed

position [% & m| | attitude |% & °| [lall [|d|| | position | attitude

DLS 3.769% ie 0.099 | 0.979% ie 0.728 | 59.570 49.801 | 45.497% | 60.408%
min 2.736 180.0 0.0 0.0 334 690.5
max 5.358 2544 | 358.0 2517.0 35.7 3410.2
MSDLS | 3.209% ie 0.084 | 0.485% ie 0.845 | 35.635 5383.372 | 67.011% | 63.468%
min 2.736 78.0 0.0 0.0 1117.2 | 218073.0
max 5.358 252.2 | 370.5 24277.8 7243.6 | 897758.3
SDLS 3.914% ie 0.103 | 0.995% ie 0.739 | 79.603 1654.753 | 77.970% | 58.119%
min 2.739 180.0 0.0 0.0 1219.0 | 22570.2
max 5.358 2543 | 3516 5681.5 1834.2 | 368959.0

Table 12: Circular trajectory of 3m radius (unreachable) in the XZ plane

NRMSE | NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m]| | attitude [% & ] [|all [|d|| | position | attitude

DLS 16.974% ie 0.362 | 0.962% ie 0.782 | 65.706 260.144 | 71.902% | 84.971%
min 3.656 172.7 0.0 0.0 220.6 3111.5
max 5.788 254.0 | 381.8 6019.0 308.2 5905.5
MSDLS | 9.559% ie 0.181 | 0.503% ie 1.252 | 87.064 8341.245 | 76.067% | 86.506%
min 3.898 10.6 0.0 0.0 2312.3 | 559659.5
max 5.788 2594 | 493.7 73124.7 4016.3 | 739638.5
SDLS 17.377% ie 0.366 | 0.307% ie 0.768 | 71.529 1576.707 | 78.129% | 61.368%
min 3.683 2.2 0.0 0.0 4919.0 | 100099.4
max 5.788 252.5 | 396.3 8715.6 7512.4 | 445786.3

Table 13: Circular trajectory of 3m radius (unreachable) in the YZ plane
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D Numerical analysis of the results - at target case

NRMSE NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m| | attitude [% & °] l|ql] [|d]] linear | rotational

DLS 5.629% ie 0.000 | 0.000% ie 0.000 0.000 0.001 | 5.526% 5.576%
min 3.317 180.000 | 348.270 0.000 0.000 0.000
max 3.317 254.558 | 348.270 0.017 0.000 0.002
MSDLS | 28.945% ie 0.000 | 0.002% ie 0.002 | 11.445 20.162 | 46.189% 44.887%
min 3.316 180.000 | 420.726 26.239 0.025 16.129
max 3.317 254.556 | 457.319 530.185 1.500 68.270
SDLS 1.449% ie 0.000 | 0.000% ie 0.000 0.000 0.000 | 1.515% 1.541%
min 3.317 180.000 | 347.806 0.000 0.000 0.000
max 3.317 254.558 | 347.806 0.000 0.000 0.000

Table 14: Straight smoothed trajectory: nul initial and final speeds and accelerations

NRMSE NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m| | attitude [% & °] l|ql] el linear | rotational

DLS 2.286% ie 0.000 | 0.000% ie 0.000 0.000 0.000 | 2.653% 2.675%
min 3.317 180.000 | 251.792 0.000 0.000 0.000
max 3.317 254.558 | 251.792 0.001 0.000 0.000
MSDLS 2.287% ie 0.000 | 0.000% ie 0.000 0.000 0.000 | 2.395% 2.438%
min 3.317 180.000 | 344.169 0.000 0.000 0.000
max 3.317 254.558 | 344.169 0.000 0.000 0.000
SDLS 1.533% ie 0.000 | 0.000% ie 0.000 0.000 0.000 | 1.656% 1.649%
min 3.317 180.000 | 338.496 0.000 0.000 0.000
max 3.317 254.558 | 338.496 0.000 0.000 0.000

Table 15: Complex smoothed BSpline trajectory:
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NRMSE NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m| | attitude [% & °] [|al] el linear | rotational

DLS 1.657% ie 0.000 | 0.000% ie 0.000 0.001 1.467 | 2.467% 3.180%
min 2.628 180.000 | 322.649 0.000 0.000 0.000
max 2.629 254.558 | 322.697 41.119 0.523 5.452
MSDLS | 1.478% ie 0.000 | 0.000% ie 0.000 0.000 0.954 | 2.141% 2.167%
min 2.628 180.000 | 322.961 0.000 0.000 0.000
max 2.629 254.558 | 322.979 40.968 0.522 2.859
SDLS 1.425% ie 0.000 | 0.000% ie 0.000 0.000 0.896 | 2.126% 2.593%
min 2.628 180.000 | 323.550 0.000 0.000 0.000
max 2.629 254.558 | 323.565 41.081 0.522 1.574

Table 16: Circular trajectory of 1m radius in the XY plane

NRMSE NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m]| | attitude [% & ] [|al] l|4]] linear | rotational

DLS 3.942% ie 0.000 | 0.000% ie 0.000 0.003 2.262 | 2.375% 3.423%
min 2.627 180.000 | 281.265 0.000 0.000 0.000
max 2.628 254.558 | 281.356 66.683 0.358 7.493
MSDLS | 2.208% ie 0.000 | 0.000% ie 0.000 0.000 1.527 | 2.287% 2.173%
min 2.628 180.000 | 281.359 0.000 0.000 0.000
max 2.628 254.558 | 281.377 61.851 0.351 7.125
SDLS 1.305% ie 0.000 | 0.000% ie 0.000 0.000 1.361 | 2.348% 2.773%
min 2.628 180.000 | 281.406 0.000 0.000 0.000
max 2.628 254.558 | 281.418 61.519 0.350 4.328

Table 17: Circular trajectory of 1m radius in the XZ plane

Clean-mE project

47/52




WP: Optimization of the algorithms and mechanical design for orbital grabbing

NRMSE NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m| | attitude [% & °] [|al] el linear | rotational

DLS 2.227% ie 0.000 | 0.000% ie 0.000 0.001 0.993 | 2.950% 3.132%
min 3.102 180.000 | 361.361 0.000 0.000 0.000
max 3.103 254.558 | 361.389 31.869 0.481 6.606
MSDLS | 1.293% ie 0.000 | 0.000% ie 0.000 0.000 0.603 | 1.845% 1.956%
min 3.102 180.000 | 361.253 0.000 0.000 0.000
max 3.103 254.558 | 361.265 31.853 0.481 3.802
SDLS 1.976% ie 0.000 | 0.000% ie 0.000 0.000 1.026 | 2.997% 3.869%
min 3.102 180.000 | 360.641 0.000 0.000 0.000
max 3.103 254.558 | 360.653 31.809 0.481 3.022

Table 18: Circular trajectory of 1m radius in the YZ plane

NRMSE NRMSE

NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed

position [% & m]| | attitude [% & ] [|al] l|4]] linear | rotational

DLS 1.337% ie 0.000 | 0.000% ie 0.000 0.001 0.426 | 1.809% 1.654%
min 2.551 180.000 | 262.813 0.000 0.000 0.000
max 2.552 254.558 | 262.854 21.589 0.506 6.694
MSDLS | 1.632% ie 0.000 | 0.000% ie 0.000 0.000 0.512 | 2.314% 2.129%
min 2.551 180.000 | 262.818 0.000 0.000 0.000
max 2.501 254.558 | 262.839 21.587 0.506 2.451
SDLS 1.228% ie 0.000 | 0.000% ie 0.000 0.000 0.403 | 1.798% 2.221%
min 2.551 180.000 | 263.119 0.000 0.000 0.000
max 2.551 254.558 | 263.139 21.628 0.506 1.426

Table 19: Circular trajectory of 2m radius in the XY plane
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NRMSE NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m| | attitude [% & °] [|al] [|d]] linear | rotational
DLS 20.609% ie 0.003 | 0.011% ie 0.008 | 18.137 65.969 | 50.023% 52.268%
min 2.544 180.000 | 207.229 27.767 0.126 15.887
max 2.558 254.557 | 281.641 448.192 2.721 111.156
MSDLS | 36.118% ie 0.016 | 0.226% ie 0.168 | 19.654 313.626 | 23.870% 4.217%
min 2.507 180.000 | 191.534 27.321 0.171 22.404
max 2.552 254.551 | 303.131 2531.803 6.533 | 1977.462
SDLS 10.876% ie 0.023 | 0.091% ie 0.068 | 42.534 149.944 | 17.343% | 12.921%
min 2.376 180.000 | 225.014 23.748 0.287 14.221
max 2.587 254.558 | 359.983 1653.941 9.569 467.543
Table 20: Circular trajectory of 2m radius in the XZ plane
NRMSE NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m]| | attitude [% & ] [|al] l|4]] linear | rotational
DLS 2.172% ie 0.000 | 0.000% ie 0.000 0.004 1.084 | 2.387% 3.142%
min 3.455 180.000 | 276.273 0.000 0.000 0.000
max 3.456 254.558 | 276.357 24.531 0.427 6.893
MSDLS | 1.748% ie 0.000 | 0.000% ie 0.000 0.001 1.218 | 2.436% 2.068%
min 3.455 180.000 | 314.602 0.000 0.000 0.000
max 3.456 254.558 | 314.663 42.700 0.421 7.048
SDLS 1.602% ie 0.000 | 0.000% ie 0.000 0.001 1.105 | 2.530% 3.296%
min 3.455 180.000 | 316.968 0.000 0.000 0.000
max 3.456 254.558 | 317.003 39.579 0.424 3.095

Table 21: Circular trajectory of 2m radius in the YZ plane
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NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m| | attitude [% & °] [|ql] l4]| linear | rotational
DLS 99.937% ie 0.122 | 0.229% ie 0.165 2.689 2.018 | 2.970% 3.212%
min 2.726 180.000 | 487.655 1.657 0.000 0.007
max 2.847 252.144 | 497.386 17.826 0.449 3.504
MSDLS | 62.564% ie 0.066 | 2.110% ie 0.808 0.502 2263.810 | 12.250% 11.061%
min 2.779 180.000 | 484.312 0.227 0.000 0.097
max 2.884 218.279 | 488.297 20772.849 | 299.327 | 23797.906
SDLS 99.961% ie 0.119 | 0.501% ie 0.348 0.293 0.674 | 2.7117% 3.186%
min 2.728 180.000 | 235.867 0.919 0.000 0.006
max 2.847 249.453 | 236.883 15.426 0.453 1.836
Table 22: Circular trajectory of 3m radius (unreachable) in the XY plane
NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position |% & m| | attitude [% & °| llall l|d]] linear | rotational
DLS 99.996% ie 0.111 | 0.227% ie 0.164 0.420 1.252 | 2.817% 3.195%
min 2.736 180.000 | 357.987 0.014 0.000 0.000
max 2.847 252.152 | 359.768 15.726 0.317 4.659
MSDLS | 99.881% ie 0.112 | 0.289% ie 0.209 0.159 489.037 | 13.300% 12.082%
min 2.736 180.000 | 359.017 0.037 0.000 0.000
max 2.847 252.213 | 360.427 4143.995 14.823 | 3987.039
SDLS 99.980% ie 0.108 | 0.464% ie 0.324 1.659 1.413 | 3.245% 3.511%
min 2.739 180.000 | 351.581 1.111 0.000 0.004
max 2.847 249.867 | 357.454 15.360 0.319 3.077
Table 23: Circular trajectory of 3m radius (unreachable) in the XZ plane
NRMSE | NRMSE
NRMSE+RMSE | NRMSE+RMSE | RMSE RMSE speed speed
position [% & m]| | attitude [% & ] [|al] l4]| linear | rotational
DLS 99.167% ie 0.375 | 0.150% ie 0.108 0.529 12.429 | 3.497% 4.625%
min 3.654 180.000 | 381.416 0.000 0.000 0.000
max 4.032 251.993 | 383.687 102.044 0.510 6.406
MSDLS | 88.110% ie 0.135 | 18.255% ie 1.321 1.316 2017.890 | 11.317% 10.790%
min 3.879 172.765 | 366.599 2.356 0.001 3.233
max 4.032 180.000 | 374.114 19065.719 | 121.820 | 19200.171
SDLS 98.022% ie 0.351 | 0.525% ie 0.362 | 17.285 214.274 | 90.815% | 87.924%
min 3.674 180.000 | 393.286 3992.226 93.230 | 1793.336
max 4.032 248.888 | 448.212 4661.262 | 107.567 | 2236.540

Table 24: Circular trajectory of 3m radius (unreachable) in the YZ plane
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