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Abstract

This paper addreses a methoddogy taking space
debris-related risk for Low, Medium and Geostationary
Earth Orbit space missons into acourt, and aims at
assssgng the collisionrisk not only as a physicd threa
suppated by a physicd spacecaft, but as a hazadows
effed on the space system misson. The god is to
develop a tod exploiting such physicd simulation
results (i.e. effeds of sustainable impads on the
spacecaft in case of small debris, cost of the spacecaft
avoidance manoeuvres in case of large debris) in a
given debris scenario, to compute the repercusson of
these effeds on the space misson, and to perform
comparisons between possble debris scenarios. This
work is part of the P-ROTECT (Prediction, Protedion
& Reduction of OrbiTal Expaosure to Collision Threas)
projed, initiated in March 2011
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1. Introduction

The threa posed to space misson by the growing
number of spacedebris (Figure 1) has been steaily
increasing in the recent yeas to the point that numerica
simulations evaluating the growth of these debris in
Low Earth Orbit show their number has readed an
alarming point. The longterm evolution of the space
debris threa shows a growth in popuation and a general
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instability [1]. A need for misgon risk asessment tod's,
able to analyse the longterm debris-environment has
appeaed, to corredly evaluate the need for spacedebris
environment improvement palicies.
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Figure 1. Monthly number of objedsin Earth orbit by
objed type

The P2-ROTECT projed aims at providing an efficient
evaluation tod of spacemissons’ vulnerability to space
debris-related risks for LEO (Low Earth Orbit), MEO
(Medium Earth Orbit) and GEO (Geostationary Earth
Orbit) space missons. It will focus on analysing both
tradkable and untradkable debris effeds, at spacecaft
comporents level as well as misson functions level. It
will further analyse three main ways of reducing space
debris-induced vulnerabilit y:

e abetter in-orbit collision prediction may allow
for efficient and not damage-indwcing
avoidance manoeuvres,

e a better overall misdon protedion, such as
reinforced spacecaft comporents, but aso
redundant systems between spacecafts and
optimized comporent postioning  for
spacecaft design;

e a better debris environment, with the study of
effed of spacedebris removal campaigns,



regular or purctual, and of the applicaion of
spacedebris miti gation rules.

This paper addresses the innowvating method developed
in the P2-ROTECT projed to asessthe vulnerability of
a gpace system in an improved spacedebris
environment, and describes the tool that has been
developed to alow the computation of said
vulnerability, SAVESPACE (SpaceAsst Vulnerability
to the Effeds of Space Popuation Avoidance and
Colli sion Evaluator).

The paper is organised as follows. An evaluation of the
threa posed by the spacedebris situation to space
systemsisfirst exposed in Sedion 2. Sedion 3 will then
propcse a detail ed explanation of the method devel oped
in the P-ROTECT projed, and the innowtions it
contains. A description of the SAV ESPACE tod and of
its workflow is then given in Sedion 4. Findly,
concluding remarks and improvements perspedives are
given in the last sedion of the paper.

2. Space debristhreat evaluation

Spacedebris represent an increasing threa to satellites,
as their number has been alarmingy growing in the past
yeas, and have focused pulic attention becaise of
recent catastrophic events:

e anti-satellite missle launched on 11th January

2007,

¢ Iridium-33/Cosmos-2251 collision on 10th
February 2009

¢ elc.

Figure 2 shows the monthly number of objeds in orbit
aroundEarth, with cdculated previsions until 2030 (pay
particular attention to the total curve).
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Figure 2. Spacedebris (source NASA Orbital Debris
Quarterly News, 12(1): 12).

When tadkling the debris problem, one sees two classes
of problem arise, eat provoked by a different class of
debris:

e ‘“large” debris are objeds tradkable from the
ground (i.e. rougHy of a size larger than a
certain size (ranging from 10 cm in LEOL to
50-100 cm in GEO2 with intermediate sizes in
MEQO3) which may be listed in a caaogue
(abou 16,000 such objeds are known today).
Collisons with such objeds are aways
caastrophic for the spacecaft, but are
predictable, which alows manoeuvring to
avoid them. However, collision avoidance
manoceuvres  have  severd damageful
consequences, amongwhich:

- some functiondities of the spacecaft
(such as its payload) are generaly
unavail able during manoeuvre; thus, eat
manoeuvre temporarily prevents the
system to fulfil its misson;

- manoeuvres consume propellant, which is
aso required for station keeping, thus,
more frequent manoeuvres reduce the
lifetime expedancy of the spacecaft.

e “small” debris untrackable objeds (the number
of which is evaluated to range in billi ons) for
which the only available knowledge on the
ground is a statisticd repartiion model.
Coallision with such objed is not predictable,
but may be less severe if the spacecaft is
suitably proteded and the size of the objed is
small enough (typicdly lessthan 1 cm). Still,
too frequent impads aso have dire
consequences for the spacecaft:

- impads may acceerate the ageing of
spacecaft comporents and increase their
fallure rate, thus reducing their
performance as time goes by;

- impads, if the impading objed is large
enough or if the impaded comporent is
vital enough may cause the loss of the
complete system or a least of one
important subfunction.

As the number of debris increase, the consequences are
nuUMErous:

e more “large” debris cause more frequent
manoeuvres, which are expensive in terms of
propellant, thus reducing the lifetime of the
spacecaft; moreover, depending on the
misson, the payload may be unavailable
during manoeuvres;

e more “smal” debris cause more frequent
impads, acceerating performance degradation
or failure on some functions of the spacecaft;



and these various forms of vulnerability are difficult to
compare. Moreover, one could figure out many different
solutions to ded with this debris iswue, and it is very
uneasy to determine which are best, thus making quite
difficult to asessthe overall effed on the performance
of the system: some threds alow the system to proted
itself by reading (large debris), others must be endured
(small debris), and man adion on the environment may
influence the thred level (debris creaion or removal).
Severa solutions exist [8], but their comparison on the
long term is difficult, since they may be of very
different natures, and have eff eds on various terms.

3. The P2ROTECT method

3.1 Description

As seen in Sedion 2, debris in orbit around the Earth
may be rougHy classfied into two categories:

e small debris, which are untradable and canna
be avoided, but which on the other hand do not
necessrily have a very damageable impad on
the spacecaft when colli dingit;

« large debris, which are tradkable and may lead
the operators on Earth to have the spacecaft do
an avoidance manoeuvre, because of their
being likely to destroy the spacecaft if
collidingit.

In order to have a comprehensive approac to the issue
dedt with here, it is necessary to addressthe following
guestions:

1. How is it possble to assss the impad of a
collisiononthe spacecaft? In particular:

e for small debris, how may the consequence
of an acawmulation of smal impads be
asesed?

« forlarge debris, how isit possbleto assess
several manoeuvre strategies on a long
term?

2. How isit possble to compare several possble
operational solutions for a given spatial system
with resped to the impad of debris collision?

3.2 Method

Here, we focus on the missons that the spatial systemis
suppcsed to redise throughot its lifetime. Those two
elements are the key points in the methoddogy expaosed
here, and are a possble answer to the two questions
mentioned abowe. In the following, by a threa we
denate a colli sion between the considered spacesystem
and a debris.

In order to do so, we do not consider the usua static
vulnerability nction, but rather a notion of misson

vulnerability: we study the misdon that the spatia
system is expeded to redise, and decompose it as a
chaining of elementary functions, that are redised by
elementary units of the spatial system, and we study the
potential losses that can occur at the level of those
elementary functions rather than on the elementary units
(even if of course both are related).

This nation is suppated by the ATLAS method [5, 6].
ATLAS (Analysis by Tempora Logic of Architedures
of Systems) is a generic method aimed at assessng the
performance of a complex system by exploiting prior
knowledge on the individual performances of the agents
of the system, as well as an Onera software toodl
implementing this method ATLAS relies on modelli ng
the considered system’'s behaviour by an interval
temporal logic (cf. eg. [4, 2, 3]), thus describing the
organisation of the different elementary functions in a
logic tree (Figure 3). Performance assessnent is
difficult in this context, since on the one hand the
knowledge on agents may be very heterogeneous, and,
on the other hand, the performance of the system does
nat only depend on that of its agents, but also on the
dependency relationships that exist between these
agents. ATLAS addresses this isaue by focusing on a
misson-oriented analysis in which the system is
represented as an organisation of functions and
resources, upon which a key notion of function
avail abilit y and resource avail ahility is considered.
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Figure 3. ATLAS. method overview

The main idea of the P-ROTECT projed consists in
using ATLAS as a centra integration platform to assess
the impad of spacedebris on the capability of the space
system to fulfil its misson (cf. [9, 10, 11]). This
organisation is described on Figure 4: space debris
impad on the physicd comporents of the system is
computed by a dedicaed physicd simulation software
(PIRAT), and then translated using a comporent
reduncancy and interadion model (CRIOS) into
function availabilities, which are exploitable by
ATLAS.

The method alows studying many space systems in a
consistent way. The P-ROTECT projed, indeed, will



initially ded with three different space misdons:
Sentinel-1 (in LEO), Gdlileo (in MEO), and Meteosat
Third Generation (in GEO). All that is needed for the
studyis:

e adescription of the dynamic redisation of the
misson, down to functions that are elementary
enough for their performance to be deduced
from the status of the threaened system (this
may be refined from generic space system
ATLAStrees[7]);

e adescription of how the redisation of threds
may influencethese elementary performances.

3.3 Asssanent of the lossof service

The overal method is described on Figure 4. The
misson-oriented analysis consists in describing the
misson expeded from the system by the user in terms
of a dynamic organisation of elementary function, eah
elementary function being aswciated to a set of
elementary comporents of the system. In association to
this description, the nation of function availability is
central in the ATLAS method It is represented as a
condtional probability that a function is achieved at a
certain time t provided that it was initiated at a given
time s. This is a very minima representation of a
service expeded from an agent, and ATLAS relies on
the assumption that, for ead agent, this representation
may be deduced from the prior knowledge of the user:
indeed, this function avail ability must be provided for
eath elementary function, and will be computed by
ATLAS for higher-level functions, including the root
function representing the misson. In addition to that,
resource consumptions and avail abiliti es are assessd,
and used to corred the performance to take resource
nedls into acourt.

For eadt of the elementary functions identified abowe,
we do need a model providing the performance of the
function. What we mean here by performance is the
probability that the function is achieved at a given time
t;, provided that it started at a given time t;. We dencte
this performance as:

T (4, t).

This way, using thase models, we neel to obtain the
foll owing performances:

e anominal performance which will serve asthe
reference

e adegraded performance in the case where the
considered threa occurred (which can be zero
if the colli sion destroys the spacecaft).

What do we consider? How do we model it?

Life expectancy:

component fime-evolved failure rafe

Redundancy, recovery:

functiondlities board configuration evolution
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Figure 4. Overall idea of projed P-ROTECT

These performances are computed for ead possble
solution considered for the studied spacesystem.

3.4 Integration throughout the lifetime of the
system

A key point in considering the loss of performance
throughotu the lifetime of the system is that the
redisation or the avoidance of a spacedebris may not
only have an impad at the time when it happens (e.g. a
collision lowers the performance of the collided
comporent, or when an avoidance manoeuvre prevents
the redisation of ancther misson), but also on the long
term (e.g. using propellant and thus diminishing the
lifetime of the spacecaft).

In order to be able to do comparisons, we consider an
integral index over a given scenario: we express the
needs aswociated to ead misgon function throughou
time, and, from the performance in both nominal and
degraded cases, we compute a satisfadion index by
integrating the performance weighted by the ned
throughot time. This way, we obtain an unique index,
which takes into acourt both the lowering of
performance at the instant of the impad and the
consequences onalonger term.

3.5 Threeways for vulnerability reduction

Vulnerability reduction is an isuue which the method
presented here may be able to addressproperly. Indeed,
there are currently three main trends in prospedive
ideas for debris exposure reduction:

- protedion, i.e. better spacecaft interna
organisation and armouring;

- prediction, i.e. enhancement of ground space
situational awareness means (lowering the
catalogung threshold and improving colli sion
prediction);

- action, i.e. voluntary ateration of the debris
environment.

These three ways ead has spedfic effeds on various
terms:

- protedion implies that, on the short term,
impad-related fail ures will be lessfrequent;



- prediction implies that more impads will be
avoided by manoeuvre, but on the other hand
that manoeuvres may be more adequate, thus
making the manoeuvre podlicies different,
which, on the short term, may cause the
payload to be unavailable at different times
and, on the mid term, may affed the remaining
propellant and thus the lifetime of the misgon;

« adionimpliesarange of longterm effeds.

It is thus very difficult to compare these posshiliti es,
and our integrated methodis a goodway to commeasure
their effeds.

4. Framewor k computation

4.1  Vulnerability index

The final result expeded from the SAVESPACE tod is
a measure of an overal Vulnerability of the scenario
with regards to a reference scenario. This is expressed
by an index, defined in Equation 1:

v=[ p"E(t+ o) x Al
x (o™ (t,t+5(t)) - o™ (t,t + I(t)))dt

This Equation 1 expresss:

D

» the difference between the performances ofI the
nt

reference case 0% and the case of interest o™,
e the likelihood of the scenario of interest with
regards to the reference scenario p'™'R¢,

e ead ones of the former cdculated on the delay
for the nedl to be satisfied J(t) defined by the
user,

e ponctred by the user defined instantaneous
need A(t),

e and integrated on the wanted time period for
the avail ability of the capability (t;, t;).

Thus, this vulnerability index expresses the avail ability
variation between the two cases, taking into acourt the
user neals and the respedive likelihood of the scenario
of interest, in the duration of the analysis.

4.2  Performance comparison

The basis of the proposed approad is that the method
computes a misson avail ability value for a spedfic case
of study. This value is not relevant by itself, but needs
to be compared to the avail ability value cdculated for a
reference scenario. Thus, the user of the SAV ESPACE
tod nedls to define first a reference study, compute the
correspondng single case performance by running the
tool on it, and then design a seomnd study of interest,

describing its space system and the spacedebris
situation with their relevant evolutions, compute the
correspondng single case performance and finaly,
determine the respedive likelihood of those two cases
and confront it with the user neals for the misson,
using the VALET tod to at last obtain the Vulnerability
Index which describesiits study.
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Figure 5. SAVESPACE Graphic User Interfacefor case
study definition

The computation by the SAVESPACE tod of this
Vulnerability Index is defined by the user with the help
of the SAVESPACE graphic user interface shown on
Figure 5.

4.3 Input data

The bre&kdown of the data needed to processa study is
as such (shownin Figure 6):

» the debris knowledge data, separated between
tradkable and untradkable debris, provides
respedively asesanents of avoidance effeds
and of impad effeds;

» the spacecaft design data, used with the
impad effeds data, alows obtaining
comporent livenessdata, from which resource
avallability and  function  availability
asessnents can be computed;

e the misson architedure data, in conjunction
with the function avail ability assesanent, then
prodwe with the previoudy asesed
avoidance effeds and resource avail ahility, the
misson avail ability data;

* the previously obtained vulnerability data,
finally, combined with the misson avail ability
data, deliversthe Vulnerability Index.
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4.4 Study workflow

The typicd workflow to process a study using the
SAVESPACE tod isdescribed on Figure 7.

The user starts a study (blue box on the figure) by
loggng in the tod, to ensure data tracedility, and by
creaing a new study or loading an existing one.

Prepare Make
data computations
(single case) (single case)
Andlyse
results
Prepare Make
data [ computations
(vulnerability) (vulnerability)

Figure 7. SAVESPACE tod study workflow

The data preparation step (green boxes on the figure)
allows transforming the “misson knowledge” into data
files compatible with the various pieces of software
included in SAVESPACE. To do s, the user can again
load existing files and add them to its study, or creae
new ones by using the ad hoc graphic user interface A
study is congtituted of a large number of different files,
containing al kinds of data related to the case. The
definition of a single case requires access to this
information:

e debris scenario information data,
e gpacesituational awarenessdata,

e a description of the system physicd
architedure,

e the propellant consumption linked to station
keguing data,

e an architedure description for eat type of
spacecaft in the spacesystem,

» thesystem functional architedure data,

e and the architedure assciation that links
spacecafts  comporents  to function
corfigurations and their resources.

Once the information for a single case is transmitted to
the toadl, the cdculation for a single case performance

can be started by launching the tool and the chaining of
codes.

The computation for the Vulnerability Index requires a
reference scenario and a scenario of interest, thus two
case performance cdculations are required before the
last step of the process can be launched. For this last
step, the todl neeads inpu from the user, in the form of a
description of its needs regarding the spacesystem, and
a generated file containing the data describing the
respedive likelihood of the two cases considered. The
final step of the cdculation can then be started, using a
dedicaed graphic user interface to generate the final
Vulnerability Index.

5. Conclusion

The P-ROTECT projed designed a new method for
assesdng in-orbit debris-related risk for space systems.
The method described in this paper is a massve
improvement over the usual methods in this matter on
several points:

e it takes advantage of the fine physicd model
for spacedebris impad damages assessment at
comporent level,

e it works on multi-scde levels by including the
functional architedure of the space system to
allow assessng the risk from comporent level
up to missonlevel,

e it aso incorporates the effeds of tradkable
debris encourter risks for the misson,

e it computes a unique vulnerability index,
which captures the sensitivity of a proposed
solution for risk reduction with regards to a
reference scenario.

The global trade-off s analysis that can be assessd from
the results of the tod (e.g. SpaceSurveill ance Tradking
vs. protedion, SST vs. Active Debris Removal, ADR
vs. mitigation) will result in a improved knowledge in
the posdble solutions for the increasing of safety in
space

Several examples, built from adual space systems in
LEO, MEO and GEO, have been seleded to ill ustrate
the applicaion of the method The preliminary results
for one of these examples are described in ancther paper
[12]. They show that the global trends obtained are
corred, and that the tod is able to cach thin sensitivity
variations in trade-offs. Further studies will be
concluded to strengthen the model and gain confidence
in the obtained vulnerability values.

The tod will be further developed aong three main
improvement paths:

» the physicd model used to cdculate the
damages at comporent level will be upgaded



to take into acourt the effeds of impads on
solar panels that produce damaging eledricd
arcs,

» the platform overall user environment will be
modified to better fit the various caegories of
users (e.g. auser from the satellit e industry will
be more interested in the spacecaft protedion,
thus we intend to offer a spedfic configuration
for assesdng the spacedebris risk with
spacecaft protedion improvement in priority;
and as well with the national space agencies,
insurance companies, ...);

« the exploitation of the results returned by the
platform will be improved, with tools aimed at
better understanding the predse origin of the
Vulnerability Index variations, by allowing the
exploration of the causal chain.
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