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ABSTRACT

Inealy 2012 CNES dedded to focus some of its eff orts
on the development of an orbital debris evolutionary
model in order to have a better insight on the isales
concerning the longterm sustainability of space
adivities. As a consequence of this dedsion, since May
2012 CNES has started the development of MEDEE
(Modelling the Evolution of Debris in the Earth’s
Environment).

This paper is intended to give a first insight on MEDEE
after ailmost a yea of development. A description of the
general structure of the model, the algorithms that have
been implemented and those to be implemented shortly
as well as the validation of the model by comparison
with reference spacedebris evolutionary models will be
presented on this paper.

1 INTRODUCTION

Long term spacedebris evolution and the sustainability
of spaceadivities congtitutes a magjor concern for space
faring nations as well as for any individual or
government aware abou the tremendouws importance of
space adivities for human beings. Even though the
study of the long term evolution of space debris have
known a raising interest over the last yeas, the first
studies on this topic are due to Kesder and Cour-Pdais
bad in 1978[1].

In this context, the French space agency has been
working on its own projedion model since 2012
MEDEE, for Moddlling the Evolution of Debris in the
Earth Environment. MEDEE uses a highly efficient and
acarate semi-analyticd propagator and the last pubicly
available NASA Bred&-up Model. It has been designed
to be highly flexible and therefore to be able to re-run
any simulation by changing the propagator’'s force
model (solar adivity, geopdential degredorder,
atmospheric model), or the different models ading on
space environment (launch rate, explosion rate,
mitigation laws, bres&k up model etc.). The motivation
for such flexibility comes from the need to study the
model sensibility to initial condtions but aso to
computation hypathesis. MEDEE outputs the projeded
space debris popuation at user-defined frequency,
alowing to track through the yeas the origin of eat
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fragment with its orbital parameters. Through the post
processng of such output, we are able to model the
spatial density evolution at any location in space The
collision risk computation modue is able to tradk the
collision probability with time of any space objed
present in the popuation, and therefore to build alist of
suitable objeds to be removed from the space
environment.

The reaon that has motivated the development of
MEDEE is to dispose of a high fidelity space debris
evolutionary model that cen be used to analyse the
measures either of mitigation or remediation, that have
to be applied to the environment to guarantee the
sustainabilit y of spaceadivities for the next centuries.

2 MEDEE’'S GENERAL STRUCTURE

The highly flexible structure of MEDEE has been made
possble by the development of the model using a
modue-based architedure. Each constituting modue of
MEDEE, is resporsible for a spedfic function involved
on the modelling of the evolution of a given space
debris popuation (e.g. orbital propagation, probability
of collison computation, etc...). Consequently the
modificaion of the computation hypahesis or even the
algorithms defining one of these functions can be made
independently of the rest of the functions.

As shown on Fig. 1 the initial popuation, representing
the space environment at a spedfic date, can be built
from a series of external sources or diredly given as a
model inpu. The dashed lines on this figure means that
a given modue is under development and that it is not
yet conreded to the overall model.

As one of the more time consuming operations of our
model deds with the orbital propagation of the sixth
orbital elements for ead objeds of the popuation, the
code of MEDEE has been designed to take advantage of
massvely parallel, computer system avail able at CNES.
This means that the orbital propagation modue has been
paralelized, in order to propagate the popuation at ead
time-step over all avail able cores.

The computer system in which MEDEE is exeauted is
formed by 360 cores summing a total RAM of 24 Go
and an overall computing power of 4 Tflops/second
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Figure 1- Toplevd model structure of MEDEE

3 ORBITAL PROPAGATOR

As far as we intend to model the long-term evolution of
space debris popuation around the Earth, we ned to
dispose of an eccantricity / inclination singuarity-free
orbital propagator, with a high degree of computational
efficiency. The orbital propagator that we have
implemented in our algorithm, is a semi-analytic orbital
propagator known as STELA [2]. STELA, which is a
CNES reference tod, has been primarily developed in
order to validate the compliance of satellite’s operators
with the French Space Act, prior to the delivery of
authorizations by the ministry in charge of space
adivities.

As the verification of the French SpaceAct’s rules and
criteria requires longterm orbital propagation, to
evaluate orbit parameters evolution (up to 100 yeas), a
semi-analytica method much better suited for long-term
extrapolation than numericd propagation, with non
singuar equations in eccentricity and inclination, has
been developed in cooperation between CNES and
IMCCE. In order to ensure a reasonable CPU
integration time, the longtime scde analysisis based on
the numericd integration of equations of motion, where
the short period terms have been removed by means of
an analyticd averaging. This allows the use of avery

large integration step size, reducing significantly the
computation time. The orbital modelling, which
depends on the orbital regime of the objed to be
propagated, acounts for al significant perturbations
(cf. Tab. 1).

As it can be seen on Fig. 2, STELA propagator
shows a very good coherence with numericd
propagators implementing the full dynamic eguation.
On Fig. 3, a comparison of a STELA simulation, done
by the propagation with STELA of the TLE set released
at the epoch ty, and red datais shown. The coherence of
STELA, regarding the red data, as well as its ability to
model the Luni-Solar resonancesis to be highlighted.
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Figure 2 - STELA vs. Numerical propagdion
apogedperigeeewlutionof a classc LEO [2]



Perturbation LEO typeorbits GEFC;Jittyspe GTO type orbits
J2, 33, 34, 322,35, 36, J7
2 .93, M4, J22,55, J6,
, I 2, 33, 4, J2 Complete zonal model + some dedicated tesseral terms
Earth’s gravity field zonal model .
4x4 model for resonant orbits
Solar and Lunar gravity Yes yes Yes
Atmospheric drag Yes no Yes
yes
- yes (including yes
Solar rediationpresaire (SRP) | 4 ing Earth shadow) | Earth (including Earth shadow)
shadow)

Table 1 - STELA Dynamical model [2]
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Figure 3 -Mean Semi-major axis evolution with time,
diredly extracted from the TLES, in comparisonwith
STELA simulation for a GTO type orbit [ 2]

4 COLLISION PROBABILITY
EVALUATION

The collision probability algorithm implemented in
MEDEE is CUBE, developed a NASA/JSC [3]. It
estimates the long-term colli sion probabiliti es by means
of uniform sampling of the system in time and can be
applied to any kind of orbit.

As implemented in the model, probabiliti es of collision
among the orbiting objeds are evaluated every 5 days
(user defined value).

At ead time step the eath’s close environment is
discretized, in Cartesian space in 10 km wide cubes.
The probability of collision of objeds falli ng within the
same cube is computed following the formalism
presented in [3].

5 FRAGMENTATION MODELING

The NASA'’s standard bre&k up model (EVOLVE 4.0)
has been implemented as an independent modue within
MEDEFE's architedure to simulate the generation of
debris clouds produwced by onorbit explosions and
collisions.

The implementation of the NASA’s BU model has been
dore using the paper of Johrson et a. [6] [7] as
reference

Even if other fragmentation models has been pubished,
and could have been implemented in MEDEE, the
NASA's BU Modd is the one that is mainly
implemented in the reference evolutionary models as

LEGEND [8] or SDM [9]. By henceand in order to ease
the comparison of MEDEE's results with alrealy
pubished results, at least during the ealy phases of
development, the use of such model has been privil eged
with resped to other fragmentations models.

6 TRAFFIC MODELING

The ability to predict the mid-term and longterm
evolution of the spacedebris evolutionrelies, in part, on
our ability to predict the spaceadivities.

Predicting spaceadivities means being able to properly
model:

e The nature and magnitude of future space
launch adivities.

e The scenarios of applicaion of post misson
disposad (PMD) techniques, as the 25 yeas
rule or the passvation of upper stages and
payloads.

e The potential development of new mitigation
or remediation measures, as the extensive use
of de-orbitation kits on newly launched
payloads, or the development of adive debris
remova (ADR) techniques.

6.1 Spacelaunch Activities

MEDEE is adualy able to simulate either a time
varying launch traffic or to repea a given launch traffic
cycle at auser’s defined frequency.

In both cases the users must prepare in advance a launch
traffic file that will implement, either a time varying
launch traffic and by hence that will cover the overall
simulation’s time span, or a launch traffic file mapping
the launch traffic performed during the last N yeas, and
that will be repeaed during the overall simulationtime.

6.2 Explosions

For the moment only a constant rate explosion model
has been implemented in MEDEE. The explosion model
takes as inpus the frequency of explosions (i.e. the
number of explosions by unit of time) and the minimal
weight and nature of objeds that can explode.

Once these inpus has been defined by the user, the
model will randomly chose, the identity of the objeds



that will explode aswell asthe date of the explosion.

The standard NASA’s BU model is used to generate the
fragments and the semi-analyticd orbital propagator
STELA, will be used to propagate al the generated
fragments to the next snapshat, where they will be
added to the rest of the spacedebris popuation.

6.3 De/Re-Orbitation

Two End Of Life (EOL) operations models have been
implemented in MEDEE for the moment. On one side
the de-orbitation model ensures the elimination of some
spaceobjeds of the popuation caused by re-entry into
the Earth’s atmosphere. On the other side, the re-
orbitation model places some of the spaceobjeds in
lesspopuated regions of spacein order to minimise the
probability of collision between those objeds and the
rest of the popuation.

The de-orbitation model takes as inpus the type of
objeds that will perform EOL operations, the
operational lifetime, the residual lifetime after EOL
operations, the date of the beginning and end of the
application of the de-orbitation scenario, as well as the
successrate of such operations.

The de-orbitation models allows the splitting of the
popuation in sub-sets as a function of the type of space
objed (e.g. Payload, R/B) in order to apply a different
de-orbitation model to ead sub-set. This model alows
to model from dired re-entry scenarios to the N yeas
rule scenario, as for example the 25 yeas scenario.

The re-orbitation model takes as inpus the type of
objeds that will perform EOL operations, the
operational lifetime, the semi-major axis increment after
EOL operations, the date of the beginning and end of
the application of the re-orbitation scenario, as well as
the successrate of such operations.

Similarly to the de-orbitation scenario, the re-orbitation
one dlows for the splitting of the space popuation in
order to apply a different re-orbitation model to eath
Sub-set.

Considering starting and ending dates of the re/de-
orbitation scenarios, alows redistic PMD scenarios,
where the effediveness of such EOL operations can
evolve with time.

Active Debris RemovalFor more than a decale,
worldwide studies have highlighted the instability of the
space debris popuation, most of all for LEO regime.
The main conclusion of those studies is that even with a
good implementation of the mitigation measures, the
LEO popdation is going to cortinue to grow through
the next decales [12]. In order to control the evolution
of space debris popuation, studies like [13] highlight
the necessty to remove massfrom orbit.

Consequently, MEDEE implements the posshility to

take into acourt ADR misdons, for the modelling of
the long-term evolution of spacedebris environment.

Some of the MEDEE ADR model inpus are the ADR
starting date, the number of objeds to remove per unit
of time, and a group of metrics adapted for seleding and
ordering ADR targets. [14].

7 OUTPUTS

As shown in Fig. 1 MEDEE has been designed to
provide the user with an extensive amourt of data,
concerning the evolution of the spacedebris popuation.

To this extent, MEDEE provides snapshots of the
overal popdation (i.e. 5 orbita elements (i.e. the
argument of latitude is considered as randamly
distributed), id, type of ohjed, massand surfaceof all
the objeds) at a user defined frequency. It also provides
a detailed description of the events that have occurred
between eat snapshat.

Consequently the user will have access with the
temporal resolution al owed by the snapshat frequency,
to the foll owing dated information:

e Objedslaunched
e Natural re-entries

e« Objeds that have exploded, region of
explosion and generated fragments (i.e. Id, type
of objed, surface massand 5 orbital elements)

e Pairs of objeds within the same cdl, with the
asciated probability of collision, and the
orbital elements of the objeds.

e Caastrophic and non-caastrophic collision
events, with the description of the objeds
involved in the colli sion and the description of
the fragments generated.

¢ Objeds targeted by mitigation measures (i.e.
planned re-entries)

8 POST PROCESSNG

As an externa modue of MEDEE, a paost-processng
modue is under development in order to processall the
information given by the model and present it to the
user in an easily comprehensible format. Among the
different results given by the post-processing modue,
we can quate the foll owing outputs:

e Cumulated number of events (launches, re-
entries, caastrophic and non-caastrophic
collisions) asafunction of time

* Tota number of objeds in the popuation as a
function of time and as a function of objed’s
nature for a given minimal particle size



e Mean coallision probability and mean number
of collisions as a function of altitude
and/orinclination

» Density of objedsasafunction of altitude

Those post-processng results are not exhaustive, and
will be completed depending on future study needs.
Nevertheless it gives to the user the necessry
information to understand how the space debris
popuation will evolve in the future and which
phenomena are driving such evolution.

9 PRELIMINARY RESULTSAND
VALIDATION

The purpose of this sedionis to present an overview of
the type of analysis that can be performed with MEDEE
as well as to evaluate the coherence between MEDEE
and other reference evolutionary models, by comparing
our results with the results of such models (e.g.
LEGEND or DELTA).

Due to the existence of an extensive amourt of literature
analysing the long term evolution of the space debris
environment as a function of different initial
popuations, different hypahesis concerning the traffic
model, the minimal size of objeds to be consider, we
have dedded to take the work presented in [12] as a
referenceto validate our model.

Indeed Ref. [12] presents an excdlent source of
information to validate our model, as the many degrees
of freedom involved in the simulation of the long term
evolution of the spacedebris environment are constraint
by the clea statement of the hypahesis that have been
taken into acourt to perform the analysis. In addition to
this, the results of six spacedebris evolutionary models
are compared, which serves to evaluate the coherence
between those models and the predictions obtained
using MEDEE.

The initial popuation used for this study, is considered
sufficiently similar to the Ref. [12] reference popuation,
as to being in measure to compare MEDEFE's results
with the predictions presented in Ref. [12].

9.1 Assmptions

The asumptions that have been considered to perform
the simulations presented in Ref. [12] and that we have
consequently considered to perform our analysis and
validate our model are:

e Future launch traffic represented by the
repetition of the historic 2001 to 2009 space
traffic.

e The commonly-adopted mitigation measures
are well-implemented. In particular, a
compliance of 90% with the post-misson

disposa “25-yea” rule.

e 100 success for passvation (i.e., no future
explosions).

e Catastrophc collison was defined as one
charaderized by an impador kinetic energy to
target massratio of 40 J/g.

9.2 Population Prediction Results

Thefirst goal of an evolutionary model as MEDEE, isto
be able to forecat the evolution of the space debris
popuation for an user defined time span.

The evolution of the popdation, in which we are
interested in, can be defined either as a function of the
minimal size of the objeds contained in the popuation,
andor as a function of the nature of the objeds
constituting this one (e.g. Debris, S/C, ...).
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NASA's Projection of the LEO Populations (Reg Launches + 90% PVD)
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Comparing Fig. 4 to Fig. 5 we can seethat MEDEE's
results, even if they mostly fall in the 1-c uncertainty
region of DELTA simulation (Fig. 5), do not predict a
significant increase of the spacedebris popuation after
200 yeas. When comparing MEDEE with LEGEND, a
clea difference in the number of new fragments can be
see. This difference makes MEDEE's prediction to be
outside the 1- ¢ uncetainty region of LEGEND.
Comparing MEDEE with both models, a difference is
identified in the deaeasing rate curve of old fragments.
After 200 yeas simulation, we predict abou 1000 less
old fragments than reference evolutionary models. This
highlights the posshility that the difference in the
evolution results comes from the orbital propagator. In
our case, the orbital propagator could predict a shorter
lifetime for the objeds that the orbital propagators used
by NASA and ESA.

9.3 Rate of Catastrophic Collisions

As far as caastrophic collision rate forecasting is
concerned, by the comparison of Fig. 7 and Fig. 8; we
observe that the cumulated number of caastrophic
collision predicted by MEDEE is in coherence with the
results of reference evolutionary models. This is,
MEDEE predicts one caastrophic collision every 7
yeas while reference models predict one caastrophic
collisonevery 5to 9yeas[12].
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9.4 Regions of Catastrophic Collisions

Once that we have verified that the number of
caastrophic colli sions predicted by MEDEE is coherent
with the results presented in Ref. [12], the origin of the
differences could also come from the fad that the
collisions predicted by MEDEE are not taking placeat
the same regions of the spacethat the colli sion predicted
by reference evolutionary models.
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Figure 9 — Projeded number of catastrophic collision
as a function of altitude andinclinationin LEO
(MEDEE)

From the observation of Fig. 9, we observe that three
regions appeas to be the ones where most of the
caastrophic collisions take place The first region is
between [97, 100 degrees in inclination and [600, 90Q
km in dtitude. The second region is between [81, 84]
degrees in inclination and [800, 1009 km in atitude.
The third region is between [70, 74] degrees in
inclinationand [700, 900 km in altitude.
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From Figs. 10 and 11 we observe that while predictions
in Ref. [12] highlights two well defined regions in
dtitude, around 800 and 950 km, where most of the
catastrophic colli sions occurs, MEDEE predicts a wider
region covering both zones. This bigger dispersion on
the zone where colli sions are taking place could come
from the fadt that if our semi-major axis deaeasing rate
is higher than the one for the other models, we could
have a higher circulation of objeds going from upper to
lower altitudes. This will lower the concentration of
objeds in 800 to 1000 altitude regimes, in comparison
with other models, and will generate a dispersion on the
altitude regimes where the colli sions will take place

9.5 Future LEO Environment

Anather interesting point abou MEDEE is its ability to
forecast the evolution of the spatial density of the space
debris popuation as a function of time and of the orbital

regime (e.g. Altitude or inclination).

Fig. 12 presents the spatia density, number of objeds
by unit of volume, as afunction of altitude for the initial
popuation (i.e. 2009, the popuation in 2109 and the
onein 2200
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By comparing the spatial density evolution predicted by
MEDEE, with the spatial densities of reference
evolutionary models for yea 2109 we observe that
MEDEE reprodwes quite well the evolution of the
initial spatial density with time, as a function of the
atitude. We can ndatice dightly lower vaues for
MEDEE, which is quite in line with the differences
alrealy stated in the previous paragraphs.

10 CONCLUSION AND PERSPECTIVES

On this paper we have given an overview of the new
space debris evolutionary model in development at
CNES (MEDEE — Modélli ng the Evolution of Debrisin
the Earth’s Environment) after one yea of development.
In addition to this first presentation, preliminary results
have been compared withother reference evolutionary
modelsMEDEE has been developed using a modue
based architedure. This architedure offers MEDDE a
high degreeof flexibility and the ability of being able to
modify the computation hypahesis or even the
algorithms defined in one of these modues,
independently of the rest of the functions. Evolutionary
model like MEDEE have an extremely large number of
degrees of freedom, and a modue base architecdure
alows to cary out easily sensitivity analysis of the
space debris evolution results with resped to those
degrees of freedom.



The preliminary results of this paper have been
established from the reference scenario presented in
Ref. [12). Indeed, Ref. [12] constraints the many
degrees of freedom of an evolutionary model by the
clead statement of the computation hypadhesis.
Additionally, Ref. [12] is an excdlent reference to
perform a first validation of MEDEE, as results of six
reference evolutionary models are presented.

Thaose comparisons reveded diff erences.

These differences neal to be deeply analysed and
understood, in order to succesfully complete the
validation of our model

During 2013 the development of MEDEE is going to
cortinue in order to upgade the traffic model, by
integrating additional and more redistic PMD scenarios
(e.g. use of deorbiting kits, modelling the defre
orbiting orbit, ...) and launch traffic scenarios (e.g. time
varying launch traffic scenarios). The development of
the post-processng tod will be completed, in order to
offer to the user all the information needed to the proper
analysis and understanding of the spacedebris evolution
results, under the wuser's defined computation
hypahesis. Extensive sensitivity analyses of the model
to the computation hypahesis are aso planned during
2013
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