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ABSTRACT have to be performed. CAM can only be performed in
case of a warning. If the approaching object however
] ) ] was not tracked - for example due to its size - no com-
With space debris becoming more and more a concern for mand will be given and a collision may decommission the
satellite operators, efforts need to be initiated to susdai  satellite. Another feared scenario is the collision of two
safe space environment and stop the permanent increasejarge objects that both cannot maneuver. An incident of
of debris. One of many is the active removal of large  two rocket bodies of the SL-16 type, for example, could
objects - 5 to 15 per year. The present paper introduces a double the number of the known debris in low Earth or-
concept based on a kit-chaser system: A chaser satellite pjt (LEO). They have been observed to have missed each
will attach kits to multiple targets. The kit-target set-up  other by a few milli-arc-seconds [1]. Especially with the

will de-orbit controlled, while the chaser proceeds with  |atter scenario in mind, the active removal of debris is in-
capturing targets to equip them with a kit. evitable.

For testing purposes, a simulation is derived for this con-  adqditional mitigation measurements are already imple-
cept. The paper presents the multiple modules the sim- mnented. These measurements include post-mission dis-
ulation is build on. The approach starts at a distance of hsa), |imiting of mission-related debris, limiting of po-
about 11 m in close vicinity. The method of capture is a gntial explosions by e.g., releasing left-over propellan

robotic arm. _ limiting the probability of accidental collisions or aveid
Future developments can focus on various modules to be ing an intentional destruction and other harmful activi-

added and/or existing ones to be adjusted to further re- tas [2]. However, even when successfully implementing
quirements or specifications. The implementation of self- {,55e measurements, an increase in the number of debris
awareness for the chaser to react to unexpected situationsobjectS is conceivable from the simulations. Only the
or fa}ilures without the need for a signal from the ground-  -gnstant removal of 5 to 15 large objects of highly fre-
station. quented orbits per year will have an influence on the long
term stabilization of the LEO space environment [3].
Keywords: uncooperative target, simulation, approach.
The approach presented within this paper addresses the
removal of at least 5 large objects to be removed con-
1. SPACE DEBRIS trolled within one year. With rendezvous and dock-
ing with an uncooperative object never having been per-
formed, a wide range of challenges have to be met. The
In the past decades, space debris has become a growingobject of choice will not send any data on its altitude or
concern for satellite operators. To sustain the current en- motion, it will not have a pre-designed point of contact
vironment around Earth, mitigation measurements such for e.g., grabbing, and there will be no way of communi-
as an improved observation or implementation of post- cation with it. Close vicinity may lead to the point where
mission disposal have taken place and are further devel- a command from a ground station could be sent too late,
oped. Regarding long-term sustainability, a repeated ac- with the possible result of a collision of the two objects.
tive debris removal of 5 to 15 large objects per year -
objects that have a mass of at least one ton - has to be in- Having those considerations in mind, tAetonomous
cluded to stabilize the orbits. An otherwise starting cas- Debris Removal Saellite - #A (ADReS-A) is concep-

cade effect would prohibit the use of the affected orbits tualized. ADReS-A targets multiple SL-8 rocket bod-
and with that limit missions in space. ies to provide them with a de-orbit kit for controlled re-

entry. The concept aims to improve the self-awareness
While the prediction for debris trajectories and maneu- of a chaser satellite with the ability to react to failures
ver, how to avoid them, have improved, still about 3 col- while in close vicinity. Sufficient testing is required as
lision avoidance maneuvers (CAM) per satellite and year the influence on objects in space is limited. Thus, a sim-
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ulation based on the demands of ADReS-A shall support
the concept. As the simulation is derived from the mis-

sion concept, an introduction to the concept of ADReS-A

is given at first.

2. MISSION CONCEPT

The idea behind ADReS-A was presented in much more
detail in previous work, and can be found for example in

Reference [4] or [5]. A summary of the concept is given

in the following.

2.1. Mission Architecture

As mentioned in Section 1, large objects are targeted.
ADR has to be performed for many years and should
therefore be as effective and efficient as possible. It will
hardly be cost wise favorable to launch only one removal
chaser per mission. Hence, ADReS-A consists of a main
chaser and multiple de-orbit kits. While the chaser -
ADReS-A - incorporates most of the complexity regard-
ing docking and maneuvering techniques, the kits are de-
signed simpler. They will de-orbit together with the tar-
get and be lost during the reentry. Their task is to per-
form the de-orbit in a controlled way to an uninhabited
area. ADReS-A needs the maximum of flexibility and
will therefore carry one kit at a time to the designated tar-
get, while the other kits wait in a parking orbit somewhat
lower than the target’s orbit. Other concepts to be found
in the literature concentrate mainly on the removal of one
object or the technology behind it, rather than address-
ing the whole problem of long-term sustainability of the
space environment. The simulation derived follows this
example, but is based on a concept for multiple removal.
Figure 1 gives a preliminary mission time line of the con-
cept.
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Figure 1. Mission time line for ADReS-A. The simulation
covers the part from close approach (1 m) and mating.

2.2. Target

Efficiency is one of the main goals of ADReS-A. A study

performed in 2013 by the author analyzed the available
data of about 17.000 objects of the SatCat [6] according
to collision probability and hazardousness of such. As

predicted, large objects were the most influential objects.
Further on, the study analyzed those objects according to
their vicinity - taking into consideration that one chaser
has to travel between multiple objects while consuming
as little propellant as possible. SL-8 rocket bodies (SL-8
R/Bs) turned out to gather in at least three different orbits
- two around 74 degrees inclination at an altitude of 1500
to 1600 km and 700 to 800 km, respectively, and one at
an inclination of about 82 degrees at an altitude of 900 to
1000 km. No other objects of a similar type were found
to be as close to each other as the SL-8 R/Bs. Hence,
the orbit concentrating most of the rocket bodies (the lat-
ter one), was chosen as mission orbit with SL-8 R/Bs as
targets.

2.3. Satellite Design

Based on the target selection and the mission architec-
ture, a chaser satellite (ADReS-A) and de-orbit kits are
designed. For removal technology, a robotic arm resulted
from a weighing analysis that covered heritage, complex-
ity, re-usability, and similar aspects. The largest advan-
tage of a robotic arm is its legacy and possible use for
on-orbit servicing, a promising field of business develop-
ment in space which again makes financing of such mis-
sion more likely.

The chaser has a second, linear, arm to carry and attach
the de-orbit kit. The kit will be attached to the target’s
nozzle, using a clamp mechanism for a stable connec-
tion. The nozzles physical parameters promise the most
robust connection. The satellite design can be found in
more detail in Reference [5].

3. SIMULATION

When developing a simulation, certain considerations
have to be taken into account. What shall be shown by the
simulation? What modules have to be included to reach
that goal? Which functionalities shall form the basis of
the simulation? Which level of detail is meant to be pro-
vided by the simulation? What simplifications compared
to reality are acceptable? etc. The following section
reasons the decisions made for the simulation regarding
the approach of ADReS-A. After the frame is presented,
the multiple modules included and displayed in Figure 2
are presented. The level of detail and simplifications ac-
cepted are explained within their description.

3.1. Frame for simulation

The motivation for creating a simulation for the docking
process derives from the need to test various strategies
before realizing such a mission. Active debris removal
has never been performed in space. Ideas on what chal-
lenges to overcome and which difficult events may occur
can be derived from missions that cover the very close
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Figure 2. Architecture for the Simulation of ADReS-A

approach or rendezvous procedures. Docking has been
performed manually on the International Space Station,
and some behaviors may be derived from there. However,
an uncooperative target never designed to be handled in
space will bring up various occurrences that cannot be
foreseen. A simulation may help to understand and thus
prepare for some of them. The simulation of ADReS-A
is built from modules, as can be seen in Figure 2. This
object-oriented programming allows us to vary parame-
ters without changing the whole process, and to add and
delete modules. These features will be of advantage once
the simulation is further developed.

As shown in Figure 1, the simulation of ADReS-A will
cover the part of the close approach once inreach of 11 m
distance along the direction of flight up to the actual ren-
dezvous & docking of the two systems. At this distance,
the camera in use is able to track the detailed motion of
the target, needed for a a safe approach [7]. Calculated
are the approach to a moving docking point and multiple
abort trajectories in case of a failure or contradictoryadat
that cannot be solved.

The level of detail is quite low at this point of the devel-
opment. However, due to the modular-setup, changes can
be implemented if necessary or required.

3.2. Operational Specifications

The simulation requires the input of at least 43
parameters. 6 of them cover the satellite’s and
target’s relative position (x,y,z-direction), 6 cover
their relative velocity ¢,,v,,v.) and an additional

6 give statements about the objects angular velocity
(Wsz, Wsy, Wsz; Wra, Wry, wrz). 6 more address the
objects orientation (given in quaternions), 3 parameters
describe each objects dimension (2xradius, 4xlength
from each center of mass forward and backward). More-

each). For now, two parameters define possible optimiza-
tion implementations. The available maximal thrust, mo-
mentum and allowed time for the trajectory have to be as-
signed, as well the position of the docking points. Addi-
tional information can be adapted concerning any weigh-
ing of the optimization parameters, a safety area to avoid
a collision at any time, or any area limitations the chaser
is not allowed to enter when approaching the target.

3.2.1. Environmental Parameter

In accordance with Section 2.2, an orbit of 970 km alti-
tude with an inclination of 82.9 degrees is aimed for. The
parking orbit will be about 30 km below the target’s or-
bit. An analysis performed concerning the radiation and
electrostatic charges [8] revealed a usual exposure. Espe-
cially with the mission lasting one year, no extraordinary
precaution is planned.

The simulation is based on the relative dynamics of the
two systems (target & chaser+kit). As the two objects are
really close and and show similar mass and size, pertur-
bations will act very similar to them. Therefore, no per-
turbations such as the J2-term, the gravity-gradienty sola
radiation pressure, Earth’s magnetic field or the objects
aerodynamic drag are considered.

3.2.2. Target Parameter

As mentioned in Section 2.2, SL-8 R/Bs are targeted. The
simulation needs input about their size, mass and inertia
torque which are derived from the CAD-design.

With the rocket bodies being of Soviet Union origin, ac-
tual CAD-data is hard to find. The design shown in Fig-
ure 3 is based on References [9] and [10]. Another vague
data is their mass. Their dry mass is known to be about

over, the inertia torques have to be assigned (3 parameters 1.4t. However, they did not deflate unused propellant as



is proposed nowadays. An additional weight of 200 kg 3.4.1. Coordinate Systems
(about 14%) was thus added for the calculations. Espe-
cially with left-over propellant, the chance for sloshiisg i
high, however, the rocket bodies inertia torque was de-
rived from an assumed homogenous distribution of the
mass.

To describe the motion of the two (three) in-
volved objects, multiple coordinate systems are in
use. The local-vertical, local-horizontal (LVLH) system,
cf. Alfriend [12], describes the relative position of the-ob
jects. Tow additional coordinate systems are body-fixed
. and centered in the target and spacecraft&kit models. The
3.2.3. Spacecraft & Kit Parameter coordinate systems are required to describe the the ob-
jects orientation in space. The quaternions in use solve

With the spacecraft and de-orbit-kit CAD-design, the the problem of singularity of the also commonly used
data about mass, size and inertia torque are extracted. EUler angles. The implementation of the Euler Equa-
Sloshing will not be considered at this point. The satel- ons allow for the two docking points - one belonging

lites mass is about 1.1t (wet), the mass of one kit is about {0 ADReS-A, the other to the SL-8 R/ - to rotate within
500kg (wet). The kit will be carried inside the body of the simulation and describe the rigid body dynamics. In

ADReS-A. Figure 3 shows the object’s CAD models. A a0 unrotated state, the axis of the body-fixed system align
simplification for the simulation transfers the models into ~ With the ones used in the LVLH-system.
a cylindrical shape.

3.4.2. Relative Dynamics

Relative dynamic calculations can be adequately used for
' any distance smaller than 100 m. As the simulation aims
to provide a tool for the analysis and verification of dif-
ferent strategies, it is obvious to use rather analytic equa
tions for the approach than numerical. The Hill's equa-
tions or Clohessy-Wiltshire (CW) equations provide a
suitable approximation for the numerical approach, de-
rived for near-circular orbits. The SL-8 R/Bs orbits have
an eccentricity of about 0.003, the use of CW-equations
is thus considered suitable. The following figures give
3.3. Specifications an idea about their accuracy if adapted to the discussed
ADR-mission.

) L ) For the simulation of ADReS-A, efforts for a more pre-
Operational specifications address the special needs of ;s analytic approach were made. The Eidel-equations
the mission during the approach. One specification, 4re derived for small elliptical orbits with eccentricitie
which is not part of the simulation but needs to be con-  gmg|ler than 0.1. They add an additional term to the CW-
sidered beforehand, is the illumination of the target by equations, as can be seen in Equations 1 to 3. In con-
the sun. To calculate the correct motion rate, the camera sistence, they use the LVLH-coordinate system with the
needs about 130 min [7]. However, it does not work ad- rigin of ordinates within the satellite. In contrast, the
equate by shadow or darkness, neither when facing the 5yes are pointing in different directions;-is parallel to
Sun directly nor when her reflection on the surface of the  1he yector of the angular momentum (similar to the z-axis
target is too bright. Thus, the time of one orbit revolution i, the CW-equationsy; is defined as the extension of the
of about 90 min is limited to nearly 52min observation  -onnection of the center of Earth to the satellite pointing
time. The proof of fully charged batteries for a maximum ot of orbit (like the x-axis in the CW-equations) aad

in operation time, enough propellant or antenna pointing  completes the orthogonal tripod (while the correspond-
are other specifications that need to be handled outside ing y-axis in the CW-equations points into the direction

the simulation. of flight).
Operational specifications that influence the simulation

directly are, for example, the exact time when a maneu- Complete system of equations according to Eidel [11]
ver can take place so sensitive sensors are not harmed by

light or shadow. The battery status will need to be super- Epig = €O + ecM (1)
vised as well as the functionality of the subsystems. ’

L y I

Figure 3. Involved objects for the mission (not scaled).
Left: SL-8 R/B;Middle: Kit; Right: ADReS-A

NEid = 77(0) + 677(1) 2
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3.4. Dynamics ) .
The first part reflects the CW-equations:

While the whole mission requires absolute and relative (0) — 9¢" cos T 4+ (6C + 4EL) sin T — 3(€L + 2¢0)T
navigation, the simulation is based on relative dynamics ; % i (660 +4%0) (60 +260)
and rigid body dynamics. + &0 — 2¢o (4)
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Figure 4. Exact position and velocity of the two systems withelative velocity and a 11 m distance in the direction of
flight. Derivation resulting by using the analytic approachClohessy-Wiltshire and Eidel are given in the middle and
right hand graphics. The x-axis counts the orbits taken.
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¢ = —(3¢y 4 2€)) cos T + ¢ sinT + 2(2¢0 + &)
(6) [ S (10)
N (a(1 —e2))3"

and the second part defines the relative dynamics more

recisely: . I S
P Y Here, o is the gravitational parameter,the semi-major

axis ande the eccentricity of the orbitd, in Equation
€W = 4[(5¢0 + &) cos Oy — (&0 — 2¢}) sin O] sin T 7 to 9 represents the true anomaly at the time: 0.
The initial conditions are given bg(0) = &;7n(0) =
; ; 10:C(0) = (o:€'(0) = &:/(0) = n andc’(0) = ¢
. 5(340 +26}) sin(2r + ) + 2 ¢ cos(2r + bp) The whole derivation was performed by Dr. Eidel [11].

— 2[2¢{ cos g + & sin fp] cos T

+3(20 + &) [sin(1 + 6g) — 7 cos(T + 6p)] To get a better understanding of how much influence the
— T(2C0 + &) sin(T + 6o) — (€0 — 2¢}) cos( + ) Eidel-equ_atiorjs have on the accuracy o_f the simulation,
3[(5¢0 + £}) cos By — ( /) sin 6 the following figures compare the numerical calculations

—3[(5¢ 750 cos fo — (S0 — 50 sin o] with the CW-equations and the Eidel-equations.
+ (36 + 560)sin o + (€0 + 5%) costh  (7) . . _
In Figure 4 and Figure 5, the accuracy of the different ap-

) = (110 cos g — 21 8in 6g) cos T proaches compared to each other is displayed. A higher
+ (170 sin By — 1)) cos ) sin 7 dependency of the different variables can be derived for
1 the Eidel-equations. Additionally, the Eidel-equations
+ =nocos(2T + by) — 3 cos O] show a 100x higher precision for the position and velocity
% derivation after 3 orbits in both cases e.g., in case no rela-
L sin(2r + 0 3sin 6 8 tive velom_ty is _mvolved and a relatlve veI_OC|ty of0.01m/s
+ 2" [sin(27 + o) + 3sin o] ®) in every direction at the same distance is assumed.

¢ = —2[(5¢o + &) cos By — (€9 — 2¢}) sin fg] cos T
— [2¢} cos Oy + £} sin O] sin T For now, the CW-equations are applied to the simulation
/ ;. as they are much simpler and deviate from the numerical
= (3G + 2§p) cos(27 + bo) + Co sin(27 + 6o) calculations by only 0.6%. With all the simplifications
—3(2¢p + &) 7 sin(T + 0p) + (13¢o + 4&;) cos by implemented at the moment, the high precision calcu-
(3¢, — 20) sin b, 9) lations by Eidel would not make much of a difference.
0 Once a higher accuracy is required, they will be a very
good choice to be implemented for a better analytic anal-
In Equations 4 to 97 is the nominated time variabl, - ¢ ysis.
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3.5. Optimizer

For the optimal path planning, the work of Michael et
al.[13] was applied. The addressed optimization prob-
lem in his work was solved using the software package
OCPID-DAEL1, cf. Gerdts [14]. Here, a robust sequential
guadratic programming (SQP) method is combined with
a gradient calculation using sensitive implicit differi@ht
equations (DAE)s. The package "is suitable for optimal
control problems subject to differential algebraic equa-
tions of index one” [13].

While the package allows for the optimization of more
than one subject, the presented work focuses on a min-
imum energy consumption. This allows for a cost lim-
itation as the required energy is directly proportional to
the propellant and thus to weight and costs of the mis-
sion. Other subjects of optimization could be time or a
combination of the two. Further work will analyze the
mission accordingly. As displayed in Figure 2, the re-
quired input is a combination of the mission parameters
and the relative dynamics. The output of the optimizer is
the approach trajectory, which is then further processed
for failure implementation.

3.6. Visualization
3.6.1. Objects

The involved objects are modeled and exists as 3D CAD
versions as shown in Section 3.2.3. For a faster calcula-
tion, they are simplified as cylinders. The spacecraft and
kit together form a cylinder of 2.35 m in diameter and 3m
in length. A rocket body cylinder has a length of 6.6 m

and a diameter of 2.4 m. The detailed design can be im-
plemented for visualization or more detailed calculations
if required. The mass and initial torque of the CAD model
is mirrored as designed.

3.6.2. Berthing

The design of ADReS-A includes a robotic arm. Time
for the grabbing maneuver and thus final attachment has
to be provided after the chaser has reached its intended
position. A berthing box not exceeding the arm’s limi-
tations shall give the required flexibility for the final at-
tach. As seen from Section 3.4.2, drift will affect the two
objects, attitude control will be required to limit the ef-
fect. During the grabbing, however, such action may be
harmful. The box gives an area, in which the chaser can
drift without the attitude control adjusting. Time limita-
tions for the final docking can be derived using the equa-
tions presented. The simulation ends with the two dock-
ing points mating. It has to be mentioned that the mating
point presents two points within the berthing box with the
final approach performed by the robotic arm - a maneuver
out of the scope of this work.

3.6.3. Trajectories

The approach trajectory is derived from the formerly
listed modules. It describes the trajectory most
propellant-saving and ends with the two docking points
mating. Any considerations about the stabilization of a
potentially tumbling target is not part of the simulation
and therefore not part of the discussion. Data derived
from the simulations give information about the relative



distance, relative velocity and required thrust for thegtim  nates is positioned within the target (LVLH-system), the
of the approach. tripods show the position of the docking points. Two yel-
The abort trajectory is calculated with the same equations low lines, that eventually meet, show the path of those
used for the approach trajectory. As a result, depending points during approach. It can be seen that the tar-
on the number of abort trajectories chosen and the safety get is tumbling in this specific simulation. Additionally,
parameter implemented, the time for calculation is mul- the pre-calculated abort trajectories are displayed in ma-
tiplied (for a direct approach 685 s of processing time is genta. For some of them, the initial starting point seems
required). Hence, those trajectories need to be calculated to be the best choice concerning fuel consumption. While
beforehand to react in time as the total approach will take the chaser proceeds further on its approaching trajectory,
about 8 min. Once the whole approach has been initiated the algorithm made from a mixture of fuel optimization
and a failure occurs during the maneuver, the spacecraft and safety requirements, chooses the second safe point

will choose from its memory the abort trajectory next to
come. It will not take the closest trajectory, as this might
be the one just passed and a turn around is simply not
realistic.

3.6.4. Environment

The visualization of the environment mirror the parame-
ter included. Sun and Earth pose possible perturbations,
and are thus displayed.

3.7. Game— Autonomy

When considering the active removal of an object never
designed for such, events of unforeseen failures or mis-
leading sensor-data will occur more often than during es-
tablished spacecraft missions. The proven handling in
case of a failure is the switch into safe-mode, with the

spacecraft expecting further instruction from ground. For
ADR, the approaching spacecraft has no time to wait for
a ground-station recover signal as the very close vicinity
and possible drift may result in a collision. Hence, on-

within this setup on the x-axis, this time in front of the
target.

V.

N -

Figure 6. Approach trajectory (cyan) and potential abort
trajectories (magenta). The yellow line marks the path of
the two docking points that meet eventually.

3.8.1. Propellant Consumption

The required thrust for a successful approach is displayed
in Figure 7. The steps mirror the 50 intervals calculated
as the thrust will be given in multiple impulses. The
closer the chaser gets, the fewer thrust is induced - the re-

board processing, fault management and self-awareness ,ction of the relative velocity to a minimum for staying
of the spacecraft are the key technologies that need to be \yithin the berthing box and performing the actual grab-

pushed forward. One step towards that is the on-going
development of on-board processor capabilities. Even
though a few years behind Earth’s PC-development, the
progress looks promising [15].

3.7.1. Failure Implementation

For now, the autonomy should rather be called automa-
tion and is limited to deciding, which abort trajectory has
to be taken after a failure occurs during the approach. The
request is to take the next abort trajectory in line, aiming

to react as soon and as efficient as possible, as propellant
is one of the restricted resources on board a spacecraft.

Failures are implemented randomly for now and are ad-
dressed further in Section 4.

3.8. Output

Figure 6 gives an idea of the graphical representation of
the trajectories that could be followed. The origin of ordi-

bing is required. The consumption each trajectory would
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Figure 7. Chronological sequence of the thrust during the
approach.

require is displayed in Figure 8. Dependent on the safety
requirements (e.g., the safety parametgy,.), the value

at each point varies. A successful approach takes about
2.67 kg hydrazine, displayed by the vertical line in the
figure. Here, eight abort trajectories and the approach
trajectory have been calculated e.g., the approach trajec-
tory has been divided into eight, at each point (0/8, 1/8,
2/8, ... 8/8) an abort was derived. With the total maneu-
ver requiring about eight minutes, an abort trajectory is
available every 60 sec.
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Figure 8. Fuel consumption for different abort trajecto-
ries and different safety requirements. The straight line
gives the consumption of the approach, the.,. param-
eters mirror the different safety demands for the abort.

3.9. Considerable future developments

3.9.1. Exchange of Modules

The modules of the simulations will be further special-
ized. Investigations will concentrate of an improvement
of the existing modules and the implementation of miss-
ing ones as indicated in Table 1. Especially the fail-
ure handling module will be improved in the next steps.
Once the simulation fulfills the requirements set, differ-

4. FAILURE SCENARIOS

Further development of the simulation aims to switch be-
tween failures that definitely result in an abort, failures

that derive from contradictory sensor-data and can be
solved without abort and failures, were the momentary
capabilities of the chaser decide for or against an abort.
Together with an increased autonomy and decision mak-
ing processes within, failures will be handled according

to their level of impact to the system.

Preliminary considerations concerning a failure scenario
need to involve the multiple subsystems and according
components, the failure would affect. Redundancy of
some parts such as the cameras to determine the targets
motion are essential. It is assumed, that such failure will
be detected and treated with the replacement of the faulty
component.

Critical aspects during the approach can either be internal
(e.g., a comportment fails) of external (e.g., an obstacle i

in the desired flight path). Moreover, a deviation between
systematic or mechanical failures can be made. Figure
9 gives the approach to failed power requirements. In
this case, the approach is ready to be started, but the sys-

ent strategies for a safe approach will be tested as well as tem recognizes insufficient power supply and stops the

different failure scenarios. Those scenarios will include
minor failures, which should not lead to an abort, major
failures, which should lead in any case to an abort, and
failures that have to be classified according to the situa-
tion.

Table 1. Overview Modules of the simulation frame

Simplified Adjustable
Environment no perturbations some effort
Target Body Cylinder v’
Chaser Body Cylinder v’
Sloshing homogenous some effort
Orbit Circular v~ — Eidel
Optimization energy and/or time
Optimizer OCPID-DAE1 N
Failure implem. random some effort

3.9.2. Validation

To proof a newly developed tool, it needs to be validated
against existing models. In case of the presented simula-
tion, a transformation into GMAT [16] is momentarily in
progress. As the simulation is based on commonly used
equations, little deviation is expected. A simple scenario
of the approach will be tested to note the deviations. In

case both setups processed with the different tools are co-

berthing attempt. As this is a symptom, the search for the
failed component is essential to overcome the problem.

N :

Check Mission

. Start Approach
requirements

Check Subsystems
v v v
Power X
[
2 v v
Solar Battery
Array Y
| wrong |
switch
SA1 v~
| | broken | |
array -
> SA2 > | »| repair-
| | cable | | able
failure
SA3 J
Check Influence on Subsystems
v v
‘ Power ‘ DH ‘ ‘Mission ‘ ‘

herent, it can be assumed, that more complicated ones Figure 9. First level of failure scenario approach to de-

mirror the environment in the same way.

termine faulty part and react accordingly.



Finding the failure may not lead to a solution of the prob- 5. SUMMARY

lem. In case the failed part is unable to be replaced by

a redundant one, the influence a change of the mission _ o _

has on the other systems needs to be considered. In the The paper describes a mission concept for the active re-
displayed version, the a failed solar array could for exam- Mmoval of SL-8 rocket bodies with the intention to slow
ple change the mission time line if a decision is made to down the growth of space debris in low Earth orbit. A
use the other arrays to cover the loss and thus to extend simulation environment to test different Strategies far th
the recharge time of the batteries. Table 2 gives some ex- part of close vicinity to the target has been derived. It
amples a failed solar array has on the mission and some is described in its momentary detail, including consider-
subsystems. Further on, the system needs to verify, if ations that have been investigated. First results and the
the specific requirements of the involved subsystems and Visualization are shown in the end.

components will not be violated by the intended solution

of the original failure. An optimization process guided

by the autonomy concept shall protect the spacecratft. ACKNOWLEDGMENTS
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