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Abstract: the paper describes the “good practices” applicabighe frame of the French Space Act, whose
objective is to ensure that the technical risksoagged with space activities are properly mitighteo
compute the long term evolution of LEO and quas®GGibit in order to check the no-crossing of praést
LEO and GEO regions defined by IADC. It presehis main computation rules, an overview of the
dynamical model used by the reference CNES tooLA&HEd more precisely the “constant equivalent sola
activity” approach that is taken into account iretdrag force computation.

1. Introduction

In the frame of the French Space Act, whose ohjedt to ensure that the technical risks assochattd
space activities are properly mitigated, CNES wovjaling technical expertise to government on retjuite
governing space operations, and will check compgaprior to delivery of authorizations submittecthe
minister in charge of space for approval.

Then CNES is in charge of proposing and developiregtechnical methods to be recommended to cope
with the law requirements.

Space debris mitigation is one objective of thenEheSpace Act, in line with IADC (Inter-Agency Spac
Debris Coordination Committee) recommendationspugh removal of non-operational objects from
populated regions. At the end of their mission,cepabjects are to be placed on orbits that willimine
future hazard to space objects orbiting in the saeggon. The protected regions have been defined by
IADC: region A for Low Earth Orbits and region BrfGeostationary Earth Orbits.

The verification of these rules and criteria regsilong term orbit propagation to evaluate orbiapeeters
evolution (up to more than 100 years).

It is well known that the long-term orbit evolutids very sensitive to key computation hypothesisias,
drag coefficient and solar activity prediction foEO orbits, surface and reflectivity coefficientr f{GEO
orbits. Then in the frame of the French Space Actcise normalized methods or values have been
recommended. A key problem for LEO is the fact tlgate to solar activity, the disposal orbit lifeéins
sensitive to the removal date that may not be kedwn when the spacecraft is designed or launcheeh

a law-compliant disposal orbit, achievable withatlidated amount of fuel for an expected end obimis
date, may not be compliant anymore if this datétshio cope with this difficulty a “constant eqalent
solar activity” approach (based on statistical apph using five past solar cycles) has been studiedder

to determine constant equivalent solar activityieés) that can be used in orbit lifetime compotati

An appropriate dynamical model (gravity field terntisird-body effects, drag and sun radiation pressu
has also been defined. All these “good practices’ehbeen described in a dedicated chapter of thaitzal
rules of the French Space Act. They are summaiizéus paper.

Then a semi-analytical method, much better suiteddng term extrapolation than numerical propagati
with non singular equations in eccentricity andlimation has been developed considering only the
dynamical effects that are significant for eachitagipe (LEO, GEO). The short periods have beenonard
from the evolution of orbital elements, allowindgage saving of computation time without losinggisen

on long term mean evolution.

They have been tuned and validated by comparistimmimerical integration of the full dynamic eqoati



A reference tool implementing these methods is awailable (STELA). It is used to check the compiian
of disposal orbits with the rules and can be al®duo select the appropriate disposal orbitsémtission
design phases.

2. French Space Act protected regions criteria

Two protected regions have been defined by IADC:

- region A: LEO protected region (altitude < 200Qkm
- region B : GEO protected region (GEO-200km < altiteGEO+200km; inclination<15deg).

15° -
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Figure 1 : IADC protected regions

Four applicable criteria have to be checked infthene of the French Space Act:

- C1 criterion for LEO region: "Lifetime < 25 ye&rd'he C1 criterion is violated if the spacecréaftime

on a disposal orbit crossing the LEO region exce@&dgears.

- C2 criterion for LEO region : "No LEO crossingttin 100 years". The C2 criterion is violated ispiosal
orbit above the LEO region crosses the LEO regiming the first 100 extrapolation years.

- C3 criterion for GEO region : "No GEO crossingveen 1 and 100 years". The C3 criterion is viaafe
a disposal GTO orbit crosses the GEO region betweefirst and the hundredth year.

- C4 criterion for GEO region : "No GEO crossinghvim 100 years"

The C4 criterion is violated if a disposal orbibab the GEO region crosses the GEO region duriadirtst

100 extrapolation years.

3. Good practices for orbit propagation

This paragraph summarizes the applicable dynamioalel (as a “minimum” model) and the hypotheses to
be used for long term orbit propagation in ordebécable to check the above criteria. ISO documesftg
2] and [ 3] have been used as guidelines.
As a simplified dynamical model is linked to anibrange, three types (ranges) of typical (most rcxmm)
orbits have been defined and studied:
- LEO type orbits: initial orbits being in the LEOqgpected region extended to 2200 km (in order to be
able to cope with end of life orbits being slighalyove the LEO region),
- GEO type orbits: initial orbits being in the GEQjien extended by1000km in altitude and 20 deg
in inclination (wrt to GEO orbit),
- GTO type orbits : to be defined.

3.1. Dynamical models
Table 1 gives the perturbations that have sigmtiedfects on orbital parameters in long term pgapen:



Perturbation LEO type orbits GEO type orbits
Earth’s gravity field J2 to J4 zonal model Complete 4x4 model
Solar and Lunar gravity yes** yes
Atmospheric drag yes no

Solar radiation pressufe no yes

(SRP)

Table 1 : Dynamical models

* the effect on orbit eccentricity of zonal termg to at least J10 and preferably J15 has to beidenesi
when the inclination is close to the critical imation (63.4 deg for prograde orbites)

** the luni-solar perturbation is significant feun synchronous orbits or orbits with apogee aétin the
upper range of the LEO region

The 84 explains how these dynamical models have meglemented in STELA software and validated by
comparison with numerical integration of the fufhdmic equation.

3.2 Computation of the Solar Pressure force
The solar pressure force is to be computed follgvidg. 1:

2
Fp=CyPF, S(%j u (1)

with :

-u unit vector of the sun-spacecraft direction

-d sun-spacecraft distance

-y Earth-Sun mean distance = 1AU

-Py solar radiation pressure at dO

-S cross sectional area (projected area onree parpendicular to u vector)

-Cr reflectivity coefficient (between 1 and 2).

The minimum allowed gvalue is 1.5 (in line with rgf1]).

Except in case of an equilibrium attitude (spin mdor example, to be demonstrated by analysis)atba
S can be computed as a mean cross sectional amsml@&dng a tumbling attitude of the spacecraftgdme
value of cross sectional areas observed from aeygtithn). It gives a fanvalue.

3.3 Computation of the atmospheric drag force
The atmospheric drag force is to be computed folgvieq. 2:

Fa= —%pSCd V.V, 2)

with:

p : atmosphere density

S : cross sectional area (projection on a planpgpelicular to Vr vector)
Cd : drag coefficient

Vr : spacecraft velocity relative to the atmosphere

Atmospheric model:
The NRMLMSISE-00 model was chosen because thetsesele "centered” when comparing the results of
computing reentry durations obtained with differatthospheric models.

Area:
Except in case of an equilibrium attitude (aerodyitaequilibrium, gravity gradient stabilization for
example; to be demonstrated by analysis) the areanSbe computed as a mean cross sectional area



considering a tumbling attitude of the spacecrafédn value of cross sectional areas observed frogm a
direction). It gives a Qanvalue.

Cd:

For the drag coefficient, a reference Cd = f (adt&) law has been established in line with the nwzags
sectional area hypothesis. It is based on the \@ltiee drag coefficient of a plate in tumbling neod

In the considered altitude range, the drag coefficof a plate can be computed as follows (sep4Ef 5],

[ 6]):
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CJ : absorptioncoefficiert
C, : re—emissioncoefficiert
V : platevelocityvs atmosphere
@ incidenceangle( from velocityvectorto the plate)
T :temperatue of the gas(atmospherg
T, : wall temperatue of the plate
: gastemperatue at the front surfaceof the plate

—

=

: gastemperatue at therear surfaceof the plate

: perfectgasconstantg(8.314472J-mol*-K™)
: meanmolar massof the gas

z O

MO : molar massof oxygenatom (L6.107°kg)

k : accomodatn constante from 2 to 4, recommande value from 3.6to 4
The mean drag coefficient of a tumbling plate enticomputed as follows:



S, aeC
Smean d mean = (Splate C )mean Cd mean = M (3)
2 %
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which is the drag coefficient of a spher&Q, . J'/C (6).27rcosfdb).
Then:

Cumean=C4 +Ci  with:

1 1 2s? +1
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The following values have been considered (afteresitivity analysis) to establish the referenee la

- Tw (not very sensitive, the higher this value thenkigthe Cd): 300°K

- atmosphere temperature T and mean molecular massbtdined through a vertical density profile
(NRMLMSISE-00 model) above an equatorial referepaimt at equinox epoch

- local time at the reference point: 10H30 (localdithat gives a “mean” curve)

- solar activity (the higher the solar activity tleaver the Cd) : mean values,§F= 145 sfu, AP = 15)
see Fig. 15.

-V (not very sensitive, the higher the velocity tbeer the Cd): 8 km/s.

-k (the higher this constant the lower the Cd): 4

Finally, the following Cd = f (alt) law was obtaith¢alt = geodetic altitude):

Sphere or Tumbling Flat Plane Mean Drag Coefficient

20—t } — f —t——
0 200 400 500 800 1000 1200 1400
Altitude {km)

Figure 2 : Drag coefficient value versus altitude

Nb: Cd is kept constant above 1320 km.



Solar activity
Principle:

The result of a reentry duration computation sthpmigpends on the solar activity hypothesis. Indé¢lee
level (high, medium, low) and the duration of thexin3 or 4 solar cycles are key parameters in thé o
lifetime computation. The long term (more than salgears) prediction of solar activity is very entain

and does not allow the computation of a reliableé abust reentry duration. Another difficulty inSpace

Act process is to deal with the fact that the speafe end of mission date may shift during the spaaft
development process, and that this initial datetlfessolar cycle) is a sensitive parameter ofrdeantry
duration.

Then a normalization approach of the solar actifigpothesis has been developed, based on an cbnstan
equivalent solar activity. Following this approdble solar activity is supposed to be constant \&etisue so
that the reentry duration computation no longerethels on the end of mission date. Both the solar flu
(Fo.7 and the geomagnetic index (Ap) are set constEmir values have been tuned to ensure that this
constant solar activity is equivalent to the pdssfiture solar activities. More precisely, the isalency
(validity) is from a 25 years lifetime point of vie It means that if a space object, with its spedifllistic
coefficient, is placed on an orbit that has a 2&rydifetime computed by using the constant eqaiviasolar
activity, then the reentry duration of this spabgeot computed by using a large number of possililee
solar activities will be 25 years with a 50% proitiablevel (see Fig. 3)

Let us note that the method used to tune the elguiv@onstant solar activity allows to find the asol
activity equivalent to z% of the possible futuréas@ctivities whatever z is (not only 50%).

Space Object
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quivalent constan v Possible Future solar activities
solar activity
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Figure 3 : Equivalency between constant and variakl solar activity

The equivalent constant solar activity has beeadursing the following algorithm.
1. Choice of an initial orbit and a ballistic coefiait
2. Computation oh random possible future solar activities
3. Run of the n reentry duration computation using theandom solar activities. If we call
OLT_50% the orbit lifetime in 50% of the case, tlemdon’t have yet OLT_50% = 25 years.

Lifetime

OLT_50%

Figure 4 : Lifetime cumulative distribution function

4. lteration on the initial orbit (by changing the jgere altitude) until OLT_50% = 25 years. At
every stem reentry duration computation usimgnew random solar activities are performed.
The orbit that has an OLT_50% of 25 years is caledend of life orbit.



5. Computation of the reentry duration of the endifaf brbit by using a constant solar activity.
Iteration on the value of the constant solar afgtigio that the reentry duration is 25 years.
Calling Fo7 50% the constant equivalent solar flux :

Lifetime

| »  Constant F10.7
F10.7_50 %

Figure 5 : Fi0750% value computation

6. Study of the sensitivity of the§~ 50% value to initial parameters (ballistic coa#fitt, initial
orbit).

Description of the algorithm :

1. Initial orbit and ballistic coefficient
The results presented below have been computed $mace object with an area to mass ratio of @01,
constant drag coefficient of 2.2 and an initial synchronous orbit at 800 km (as an example).

2. Random Solar activity
The solar activity data (daily Flux and 3H Geomdgni@dex) from the last decades are used (salar fl
data from http://www.spaceweather.gc.ca/sx-11-dmgand geomagnetic index data from
http://www.ngdc.noaa.gov/stp/geomag/kp_ap.htmle @hta are split into 5 solar cycles (the splitiages
correspond to solar flux minima).
These five past solar cycles are plotted in Fig. 6
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Figure 6 : Solar activity data

These five solar cycles are basic pieces in thigibgi of the random solar activity. To perform a&mey
duration computation four solar cycles are needbdee to cover the reentry duration (25 years) @ralto
allow the initial date to be at the beginning, e tmiddle or at the end of a solar cycle. Indebd,solar
activity level at the initial date can change theitlifetime from more or less 5 years. Using the solar
cycles we are able to creatt=5625 possibilities of four-cycles sequences. Thlea random realization of
the initial date within the first cycle allows us gienerate several random solar activities usiegstime
four-cycles sequence. Finally n=1250 random sotdiviies were used when computing the OLT_50%:
625 four-cycles sequences have been generated t&infive basic solar cycles and the initial dateai
random realization within the first solar cyclejde/ for each sequence. It was considered as rapietise
samples of the possible future solar activities.

3. Run of the n reentry duration computation usingrthh@ndom solar activities.
The 1250 reentry duration computations are perfdrogng a semi-analytical propagator validated regjai
full numerical propagation. The atmospheric denisitpomputed with the NRMLMSISE-00 model.




The first guess for the perigee altitude that wdedtl to a OLT_50% of 25 years was 508 km.

The orbit lifetimes versus the extrapolation numbesich extrapolation using a different random solar

activity) are plotted Fig. 7 with the associatedhalative distribution function that gives the OLT%.

Lifetime vs Extrapolation Number
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Figure 7 : Orbit lifetime variation and cumulative distribution function

Here we can see that the change in solar actizétgld to orbit lifetime variations of more than 2&xs. We
also see that the OLT_50% is 15 years for thisgeeriltitude, it means that the first guess givemdow
perigee altitude.

4. lteration on the initial orbit (by changing the gee altitude) until OLT 50% = 25 years.
The degree of freedom is the perigee altitude Hp &pogee altitude remains constant). We can ddfime
function F that gives the difference between thiei@dcOLT 50% and the target one (ie 25 years) tier t
current orbit (ie the current perigee altitude AfYe have : F(Zp)= OLT_50% - 25 years. In our exampé
already have F(508km) = 15 — 25 = -10.
We used a classic Brent algorithm to find the zefréhe function F. The Brent algorithm gives thextne
perigee altitude to be evaluated until the F vaduamall enough. At every step we perform the 1&shtry
duration computations by using 1250 randomly redigolar activities.
In our example the convergence is obtained aftéerations, see Fig. 8. The OLT_50% of 25 years is
reached for a perigee altitude of 561km.
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Figure 8 : Iterations on perigee altitude for an OLT_50% of 25 years
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5. Computation of the reentry duration of the endfefdrbit by using a constant solar activity.

In our example the end of life orbit (Zp,Za) = (961, 800 km) has a 25 years lifetime in 50% of thees

of random solar activity. We are now looking foe ttonstant equivalent solar activity that also $etada 25
years reentry duration. The initial date and |doak of the ascending node remain constant for (the
day of the year has no significant influence ondHat lifetime and we will see later the senstivio local
time). The solar flux |7 has a stronger influence in the computation ofatmospheric density than the
geomagnetic index Ap and we need only one degrefreeflom for the computation of the constant
equivalent solar activity (the use of two degreeseedom brings no additional advantage). Thathy the




geomagnetic index has been set to the mean valder e constant equivalent solar activity. Orihe t
solar flux value In7; 50% is then tuned.

We can then define the function G that gives thftedince between the actual orbit lifetime OLT dhd
target one (ie 25 years) versus the constant #olawvalue used for the computation : G{f- 50%) = OLT-
25 years. We are looking for the zero of G whicleasily computable through a brute force fashioma or
Brent algorithm.

Lifetime vs constant flux value
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Figure 9 : Fi0750% value computation

In our example the solar flux value that leads noGLT of 25 years is about 142 sfu, so the constant
equivalent solar activity is :
F10_7_50% =142 sfu
Ap=15
6. Study of the sensitivity of the;f~ 50% value to initial parameters

We have studied the influence of :

- the inclination of the initial orbit,

- the apogee altitude of the initial orbit (the peggaltitude is the degree of freedom of the

algorithm),

- the ballistic coefficient of the space object,

- the local time of the ascending node.
Starting from our example we will see how theseapaaters can change the solar flux value that we hav
previously found.
We can see the influence of the constant solarhlye on the perigee altitude to reach to achaeas
years reentry, see Fig. 10. For an area to massafad.01 the perigee altitude to reach will chauty 2 km
when the constant solar flux value change by 1 Isét's keep this value in mind to decide whethes th
change in the solar flux value is significant ott.neor small variations of the solar flux we somedts
decided to adopt a worst case approach which ldd teke into account the lower values of the stile.
Indeed, using a lower solar activity leads to adoperigee altitude to achieve a 25 years lifefieng larger
manoeuvre cost.

25y Periapsis Altitude vs Constant Flux
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Figure 10 : Perigee altitude sensitivity to constarsolar flux value



= |nclination

The very same computation of the constant equivalelar flux value was performed but with different
initial values of the orbit’s inclination. The rdsuare plotted Fig. 11.

Constant flux vs inclination
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Figure 11 : Fo7 50% sensitivity to inclination

It appears that the inclination does not have angtinfluence on the;f; 50% values : less than 2 sfu.
Moreover most of the space objects in Low Earthi®rére situated in the inclination range [60°; 100
That is why it was decided to focus on quasi-pothits, which is equivalent to a worse case apgraatce

it gives us lower value of the solar flux. Using thquivalent constant solar activity for non paldsit will
lead to a end of life orbit with a lifetime of 2&ars in a little bit more than 50% of the caselitfre solar
activities.

= Apogee altitude

The very same computation of the constant equivaelar flux value was performed but with different
initial values of the apogee altitude, up to thedL8titude limit. The results are plotted Fig. 12.

Constant Flux vs Apoapsis Altitude
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Figure 12 : Fo750% sensitivity to apogee altitude

The solar flux value changes with the initial apogatitude. The dependency ofy,lr 50% versus the
apogee altitude follows a log-function with a cégéint of determination R2> 99%.

= Ballistic coefficient
The very same computation of the constant equivalelar flux value was performed but with different

ballistic coefficient : the drag coefficient is @tant (this choice has been done to decouple tlae #ox
computation from a specific law Cd = f( altitudeiflwa G value of 2.2 and the area to mass ratio goes from



10° to 3.10% that covers most of the spacecrafts in LEO. Tosputations are done for two different
apogee altitudes : 800 km and 1100 km. The reaudtplotted Fig. 13.
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Figure 13 : Fo7 50% sensitivity to ballistic coefficient

The solar flux value changes with the ballisticféornt. The dependency ofi§~_50% versus the ballistic
coefficient follows a log-function with a coeffisieof determination R?>99%.

= |ocal time

The sensitivity of the solar flux values to thedbtime of the ascending node of the end of lifieitowas
studied. Let us notice that most of the end of bfbit reached by a space object are not purely sun
synchronous since the disposal manoeuvres chaegerlfital parameters. However we have to take into
account the cases without disposal manoeuvresx@mmple when using braking airbags) that let thjeaib

on its operational orbit which can be sun synchuosno

Fig. 14 shows the constant equivalent solar fluxat@ns versus the initial mean local time for uaSO
and SSO.

Constant Flux vs mean local hour
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Figure 14 : Fo7 50% sensitivity to mean local time

It appears that the;§~_50% variations are about 1 sfu for quasi SSO asfd for SSO.
It was decided to compute the solar flux valuey dot initial sun synchronous orbits (that leads quasi
sun synchronous disposal orbits) and to adopt estwease approach by performing the £50%
computation with several local times and keephegrhinimun value. By using the constant equivasehar
activity we then have :
= for quasi sun synchronous end of life orbit, a epwative result : the orbit lifetime will be 25 ysa
in more than 50% of the cases of future solar agtivhatever the local time is,
= for sun synchronous end of life orbit, a mean testhle orbit lifetime will be 25 years in about%0
of the cases of future solar activity dependinghaninitial local time.



Summary for the use of the “constant equivalent aohctivity”

Finally, the constant equivalent solar activitylefined as follows :

AP=15
()

%) _7Inz,)

Flop =201+ 325In(=

- Fio7in sfu

- SG/m : ballistic coefficient (rfikg)

- Z, : apogee radius (mean parameter) minus Earthggkim)
Note that for extrapolation using a variable dragfficient vs altitude a constant value qft@s to be used
to compute the constant equivalent solar actiwtythis case a £value of 2.2 has been chosen as a “good

practice”.
Fig. 15 shows a plot of;k7 values for several ballistic coefficients and agmgltitudes.
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Figure 15 : Constant equivalent flux values

The use of the constant equivalent solar actiypfyraach to compute the 25-years lifetime end efdifbit :
- removes the sensitivity of the disposal maneuvst tothe level and the length of future solar
cycles. The end of mission date can shift withaugggioning the disposal orbit and maneuver

strategy,
- brings the information of a mean 25 years reentination for the whole space objects using this

method.

4. Implementation of the dynamical models

A reference implementation of the dynamical models: freely downloadable tool has been developed:
STELA (Semi-analytic Tool for End of Life Analyss®ftware).

The main requirements for this software were:
- to be able to propagate the orbit in an efficigrind a computation time point of view) but precise

enough way : semi-analytical models adapted tb edait type have been developed,

- to allow a flexible use of the tool: as a refereacel official tool to check the criteria of the Rch
Space Act but also usable more widely in missigigieand analysis studies,

- to be easily usable on different operating systemsise of java language and java-based COTS).



The semi-analytical theory models:

This paragraph describes the main points of theuslyoy modeling that is on the basis on the equatidéns
motion that are propagated within the STELA s/wrtler detail can be found in (Deleflie, 2010a and
2010b), and two further publications (devoted toOLBnd GEO orbits, respectively, and describing the
whole dynamical modeling which are in preparatiof). ensure reasonable CPU integration times, even
over very long time scales of the order of 200 getre long time scale analysis is based on thesrinat
integration of equations of motion, where the stpetiodic terms have been removed by means of an
analytical averaging. This allows to use a vergdaintegration step size, reducing significantlg tbtal
time of computation. The numerical integration aidpon is a Runge Kutta of order 6; we have shown,
thanks to comparisons with classical numericalgragons in various dynamical configurations that a
integration step size of the order of 24 hoursadssistent with the requirement of the STELA s/weTh
averaging approach follows methods developed irtteery of mean orbital motion (Metris et al., 1995
and derived for orbits with very small eccentrigdti removing all divisions by the eccentricity fire tmean
equations of motion (Deleflie, 2005). The orbitabdrling accounts for all significant perturbatiobst,
again, to ensure reasonable computation times, thiysignificant perturbations have been builthe t
STELA s/w: zonal terms of the geopotential (J2, I8, tesseral resonant parameters up to degrcee an
order 4, luni-solar perturbations (up to degreeo# dgeostationary orbits), solar radiation pressamd
atmospheric drag. Let us mention that an addititerah gathering up the influence of even and odthko
parameters from degree 5 to degree 15 (Ref [15§¢ bhaen inserted in the equations of motion gowerni
the eccentricity vector, to model properly the dyial properties of the motion not far from theticel
inclination: the secular effect on the argumentpefigee vanishes, the effects of odd zonal paramete
become preponderant, leading to an eccentricityvifrahat makes the satellite cross regions of high
atmospheric density around the perigee, reducingfgiantly the lifetime.

For the LEO type orbits, studied first, the equadidiave been formulated through the following det o

orbital elements :E=(L=,/ta,C=ecosw,H =LJ1-€2cosi,A =w+M,S=esinw,h=Q). It

leads to a singularity for equatorial orbits.
For the GEO type orbits all the equations have Heemulated through a set or orbital elements that
suitable to describe the motion for orbits with ma#l inclination and/or a small eccentricity:

E =(a,Q+w+ M,ecosQ + w),esin(Q + a)),sinyzcosﬂ,sinyzsinfz).

The corresponding perturbation equations have beitten, namely the Planetary Lagrange equatiooss (f
perturbations deriving from a potential: internabwty field, luni-solar perturbations, solar ratitia
pressure), and the Gauss equations (for the atradspifrag). In both cases, the averaged forces tineer
rapid variable is inserted into the equations ofiam which are, consequently, mean equations dfamo
The mean potentidl are computed once for all in an analytical wayrfrihe expression of the osculating

potential: U = ZiJ‘:HUdM . The mean drag effect on orbital parameters &ueted through a Simpson
T

guadrature method, consideringonstants intervals in true anomaly along onetotihé first and the last
one being at perigee.

The integration Frame is the “Mean Equator and Bapiof Date” seen as inertial. The Earth true eguat
is considered as merged with the mean equator ighattation and polar motion have been neglected)
The Sun and Moon coordinates are estimated follgwhie simplified analytical model described by MEUS
(ref [7]).

Let us mention, furthermore, that an explicit atiabl transformation from osculating to mean eletagn
and conversely, has been expressed, through tlé ediital elementsE, and containing all short periodic
terms in J2. This first-order analytical transfotima will be the subject of a further and dedicated
publication, and was required for two main poiritthe validation of the STELA s/w: first, to deduscean
initial conditions for STELA from osculating inifieconditions used for the numerical integratione(th
transformation between osculating to mean elemsnised at this step) ; secondly to compute thtidé
when evaluating the drag effect at each point ef $impson quadrature; thirdly to compute the alétu
which is required to check the C1 to C4 criteriagrthly to provide STELA outputs that can be dilect



compared to osculating elements deduced from ngaldritegration: short periodic terms in J2 havédo
added to the mean elements.

Validation
The implementation of the dynamical model was abd by comparison with CNES reference numerical
propagators (PSIMU, ZOOM) which take into accountamplete model of perturbations (except tidal
effects which are negligible).
The validation domain is the following:

- any LEO type orbit (see definition above), inclugliorbits at critical inclination,

- any GEO type orbits (see definition above).
Tests cases covering the whole possible orbitahrpater range were run and the evolution of orbital
parameters were compared. For LEO orbits key paeam@ere the perigee altitude evolution vs time an
the reentry duration. For GEO orbits key parametgese the perigee and apogee altitudes and the
inclination evolution vs time.
STELA User’s guide (ref 10]) gives more details about the validation rangbif{garameters, propagation
duration, S.@m and S.@/m).
For LEO orbit, the 25 years reentry duration isagtetd with a precision of about 1% by comparisoth \ai
full model.
For GEO orbits the minimum and maximum altitudes @lptained with a precision of less than 5 km over
100 years by comparison with a full model. A laggat of this error is linked to the current shoetipd
model which can be improved.
The following curves show typical LEO and GEO résul

Eccentricity vs time, orbit with critical inclination

Apogee/Perigee altitude vs time, classic LEC orbit 0.040
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Figure 16 : Apogee/perigee evolution of a classidO orbit, eccentricity evolution for a LEO orbit at
critical inclination
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Figure 17 : Semi major axis and eccentricity evolibn of a GEO orbit



Altitude above GEO Altitude, Disposal Orbit
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Figure 18 : Altitude and inclination evolution ona disposal orbit above GEO altitude
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STELA functionalities:

STELA allows in its current version to propagateQ.Eypes and GEO types orbits.

The C1 to C4 criteria are checked to give an dfistatus in the frame of the French Space Act.

STELA software also includes:
- an iterative computation mode adjusting the ahitirbit to achieve a given atmospheric reentry
duration, or to avoid GEO region crossing durirgj\en period,
- a tool that computes the mean cross sectional@ra spacecraft.

It is usable in GUI mode, batch mode and as arljbra

Message
uuuuuuuu

=
Figure 19 : STELA’s GUI

STELA can be downloaded on CNES webdit#p://logiciels.cnes.fr/ISTELA/

5. Next step

The next step (on going activities) is to defined@ractices to deal with Geostationary Transfdnt®mand
to develop and implement in STELA a semi analyticeddel adapted to this orbit type. A well known
difficulty to develop the semi analytic model issthigh eccentricity value that does not allow dtzs
approach based on series depending on this pararatether difficulty for GTO crossing the LEO rieg

is the high sensitivity of reentry duration to iaitconditions due to Sun-Moon perturbation (sdéd 83).
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