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Abstract

Within the framework of a partnership agreementPSAASTRIUM has worked since June 2006 for the
CNES formation flying experiment on the PRISMA nioss EADS ASTRIUM is responsible for the
anti-collision function. This responsibility covetise design and the development of the functioa as
Matlab/Simulink® library, as well as its functionadlidation and performance assessment. PRISMA is a
technology in-orbit testbed mission from the SwedNational Space Board, mainly devoted to
formation flying demonstration. PRISMA is made wbtmicro-satellites that will be launched in 2009
on a quasi-circular SSO at about 700 km of altituflee CNES FFIORD experiment embedded on
PRISMA aims at flight validating an FFRF sensorigiesd for formation control, and assessing its
performances, in preparation to future formatigninfj missions such as Simbol X; FFIORD aims as
well at validating various typical autonomous rendris and formation guidance and control
algorithms. This paper presents the principleshef ¢ollision avoidance function developed by EADS
ASTRIUM for FFIORD; three kinds of manoeuvres werglemented and are presented in this paper
with their performances.

1. INTRODUCTION

As part of a partnership, EADS ASTRIUM has workétte June 2006 for the CNES formation flying expemmt on
the PRISMA mission.

EADS ASTRIUM is responsible for the anti-collisidnnction. This responsibility covered the designd ahe

development of the Matlab/Simulink® function in B0dn 2007 the partnership was extended to covectional
validation and performances assessment.

2. ABBREVIATIONS

CDTI Centro para el Desarrollo Tecnologico Indastri  FF Formation Flying
CNES Centre National d’Etudes Spatiales FFIORD Formation Flying In-Orbit Ranging Demonsioat
DLR  Deutsche Zentrum fir Luft- und Raumfahrt FFRF Formation Flying Radio-Frequency (sensor)

DTU  Danmarks Tekniske Universitet GPS Global Positioning System
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MIB  Minimum Impulse Bit SSO
RF Radio-Frequency TC
Rx Receiver ™
RGPS Relative GPS TX
SSC Swedish Space Corporation VBS

3. PRISMA MISSION

PRISMA (refer to [1] for further details) is a teadlogy in-orbit testbed mission from the Swedishtidteal Space
Board, mainly devoted to formation flying and remd®mis demonstration, and also to the implementationew

sensors and actuators. The Swedish Space Corporiattbe prime contractor, responsible for its giesintegration
and operations, and will as well lead some fornmafiging experiments, such as autonomous guidarcglezvous and

proximity operations.

PRISMA is made of two spacecraft that will be lawed in 2009 on a quasi-circular SSO at about 70@kaidtitude:

one is called the TARGET spacecraft (40 kg), ardather is the MAIN spacecraft (140 kg). Both spaaft have a 3-
axis attitude control (coarse control for TARGETanore accurate for MAIN), but one of them (the T&RT) has no
propulsion subsystem (the MAIN has a full 3-a&is capability through 6 hydrazine 1N-thrusters).

The mission’s aim is to validate some sensors attdators and especially formation flying technoésgiand

algorithms.

Sun-Synchronous Orbit
Telecommand
Telemetry

Transmitter

Visual Based Sensor

Figure 1: MAIN (left) and TARGET (right) PRISMA spa cecraft (JSSC)

PRISMA includes cooperations with other agenciesiabpecific technologies validations:

* An experiment led by DLR will be based on RGPSyiit be the main relative navigation system on PR

« An experiment led by DTU will be based on VBS (th&es a technology derived from a star trackerdiero

to track the TARGET and provide relative navigajjon

* An experiment (named FFIORD) led by CNES will besdxh on FFRF (developed by Thales Alenia Space

under CNES and CDTI co-funding) as relative navigasensor.

4. THE FFIORD EXPERIMENT

The FFIORD experiment (refer to [2] and [3] forther details) aims at flight validating an FFRFsanderived from
a GPS receiver and designed for formation consmd] assessing its performances, in preparationttioef formation
flying missions such as Simbol X (a French/Ital@e/man X-ray telescope mission): this FFRF willused as coarse
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relative navigation metrology for CNES and ESA fation flying missions. FFIORD aims as well at vatidg various
typical autonomous rendezvous and formation guiglaral control algorithms (based on relative naiggaprovided
by FFRF).

The FFRF is made of a terminal and a set of RxxdRantennas on each spacecraft; Tx antennasaereGPS-like
signal (a code modulated on L1 and L2 frequencis}hat the system provides a navigation filtehwange, radial
velocity and line of sight measurements. It operatighin a typical range of 3 m — 30 km.
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Figure 2: Two-satellite FFRF configuration

The FFIORD experiment will be made of two phasesiiy a first phase, FFIORD will be a secondaryesipent on-
board: while the MAIN is operated within a largenge of relative distance, velocity and configunatithe FFRF
sensor will provide the CNES GNC function with m&asnents, and the CNES navigation function willgess them
off-line. In this phase all functions work in opkop, allowing pre-validation of the navigation ftion itself.

In a second phase, FFIORD becomes a primary expetjwhich means the CNES GNC function takes cbofrthe
spacecraft. It is 27 days long, with a propellamtidget of 5 m/s. A first sub-phase (10 days) is ckeid to a deeper
validation of the FFRF and the navigation functitimpugh dedicated trajectory and attitude profitesest the whole
position/dynamics working range (the reference peBPS data from the DLR’s receiver to assess ttvgai@on
performance). The 17 remaining days are dedicatddrimation flying experiments: the spacecraft’'s Gi¥ ensured
by the CNES GNC function in closed loop, and sdvierrections necessary to standard formation flytingt are hosted
by the CNES GNC function can be tested (therer$s § commissioning phase for all functions, thevesal scenarios
test guidance functions in various configurations):

*  Proximity operations: relative station keepinghe vicinity of the TARGET and forced low-speed skations
(in-plane and out-of-plane);

« Rendezvous (refer to [5]): the objective is to perf semi-autonomous rendezvous from about 10 lentfie
initial manoeuvres plan is designed by the grottljs tuned on-board according to the currenéttayy);

* A 2-manoeuvre transfer guidance function: it isimpde and robust function that sets the MAIN onto a
predefined orbit (for example in case of anomaly);

e A stand-by function: it controls the MAIN on a saf@ble relative orbit with a low consumption (tygly
after a failure is detected);

* A collision avoidance function (detailed below).

The CNES GNC mode of the on-board software implem#me RF sensor-based relative navigation andaguil
functions, including proximity operations (closatsin keeping and translations), stand-by, rendezand collision
avoidance.

The on-board software is implemented as a Matlabi&nk® library delivered to SSC and then autocoue¢d C code
with the Real Time Workshop Embedded coder® (tleeaisautocoded software is another experimentgi@@RISMA
demonstration).

5. THE FFIORD EXPERIMENT’'S ANTICOLLISION FUNCTION

The design, implementation and validation of théOJFD’s anticollision function are subject to a peattship between
EADS ASTRIUM and CNES. Design and implementatiomer@arried out in the second semester of 2006{teerdthe
partnership was extended in 2007 for performantidation.
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GNC software developed by SSC also includes araligion function, but FFIORD’s software has itsrofunction
as it is a basic safety function that would be pdrany formation flying mission. As one of CNESh® in its
participation to PRISMA is to get experience abalitGNC issues related to formation flying, the shder such a
function was obvious.

This function is intended to detect any risk oflis@n between MAIN and TARGET spacecraft, accogdio a given
criterion, and then to compute and command manesua the MAIN so that relative configuration rensasafe and
any collision risk is avoided as long as ground matstaken over. The function’s design was drivgrthe following

constraints:

*  Only the MAIN has a propulsion system;

« As it is a basic safety function, it should be agtmous (no intervention from ground, which would be
possible on time), simple and robust, and cannibtifia computing and then performing the required
manoeuvres (simple computations, and limited nuroberanoeuvres);

e SSC put strict constraints on CPU requirementsné@very second only from the LEON3 on-board premes
are allocated to FFIORD; given that many other fioms, necessarily complex, are implemented within
FFIORD’s software, this emphasizes again the need §imple function, with few computations;

e At time when the anticollision function was designsimulation tools were very limited; this implied
design something that remained as open as possjpieally several implemented options, so thaafier
performance tests one of these options appeardd betreliable enough there were other optiorts lef

This function is not in charge of managing all safesues and anomalies (e.g. relative navigatmrreliable, loss of
the intersatellite link or relative navigatiohy magnitude exceeding a threshold, etc.). Besigeftimction, two other

can be triggered to manage anomalies distinct fiawo small intersatellite distance: a 2-manoetraesfer function

can set the MAIN onto a predefined safe orbit {ftance in case of a problem occurring duringnaegvous), and a
stand-by function autonomously maintains the MAWNaosafe stable orbit.

5.1. DESIGN PRINCIPLES

A safety sphere is defined around the TARGET spafte@nd a collision risk is detected if the MAHdacecraft enters
this safety sphere; this detection is based ortivelmavigation data (position is assumed knowrhiwitnavigation
errors and reliable) thanks to the FFRF sensoa ¢bllision risk is detected, collision avoidandgogaithms shall
compute a manoeuvre that immediately sets the Mgxiacecraft onto a relative orbit that remains detshe defined
safety sphere, for a long enough period so thatrgt@an take over.

Given model errors, navigation errors and manoerealization errors, it is likely that although tRAIN spacecraft is
set onto a safe relative trajectory, this relatregectory can be partially and marginally insitle safety sphere. In such
a case another manoeuvre would be commanded, thmmighecessary, whenever the MAIN goes throughséiety
sphere after the first detection. That's why a secsafety sphere is defined, with a smaller ra@uzaller enough so
that it accounts for all errors mentioned abovehwespect to the first sphere). After the firatethold is reached,
collision risks detection is based upon the secthmdshold, up to a reset sent by ground. The setioreghold
represents the limit that should not be reachedemurhy circumstances. If nevertheless it were msicla new
manoeuvre would be computed and commanded, and ahtcollision would be disabled (up to a resettdan
ground): indeed repeated manoeuvres must be avadei may mean there is a failure (for examplenanoeuvre
realization or navigation), and lead to exhauspghant. Once ground has got the collision riskedgbn by board,
taken over, sent the relevant commands and brabhghtMAIN back to a standard configuration, it caseat the
anticollision function.

The choice of the safety threshold should of coueseain compliant with mission’s objectives (reguirents on
achievable relative distance), but for anticollisimbustness, it must also comply with expectablative dynamics
after the collision avoidance manoeuvre (in paldicthreshold should be such that all possiblersrcannot cancel
relative distance). The design must also constiegtound reaction delay (in particular for thisckiof orbit, and with
a single ground station, the number of daily Vlgibs is limited): safety has to be guaranteetbag as ground has not
taken over.

5.2. MODEL OF MOTION

The main spacecraft’'s motion is described in aregfigal linked to the target spacecraft; the reldtame is the local
orbital frame(O, X, Y, 2) described by:
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e O sthe target spacecraft’s centre of mass;
 X=yOZ (tangential direction if orbit is circular);

e yis opposite to angular momentum;

Z nadir.

Figure 3: Local orbital frame definition

The target spacecraft’s orbit is assumed quasideirPRISMA orbit is actually expected to haveemgentricity less
than 0.004), and the distance between both spdcésrassumed negligible with respect to the Eapheecraft
distance. Under these assumptions, Hill's equatiapgly with a reasonable accuracgnd describe the main
spacecraft’s relative motion with respect to thrgef they are given by:

[x(t)] %, |
t
)2/8 )2/0 A7
2 =ME)D T |+ NE) DAy, [Eq. 1.1]
)| T s T
y(t) Yo i
| 2t)] |2
Mx(t)] EN
t
” :
where x(t) is the state at time t,),(o the state at initial time t=0,Ay, | differential acceleration (perturbation),
0
A z
10 Y s
2t 2,

assumed constanp target spacecraft’s orbital pulsation,

! This is a standard assumption for this kind of prbi course the validity of this assumption regagdthe specific application of anticollision for
PRISMA must be carefully checked. The relatedrectomulated with all other errors, such as propmr navigation, should not lead to a too
small minimal intersatellite distance with resptrcthe target threshold. As an analytical assessimamt straightforward for every anticollision
algorithm detailed below, this is checked by sirtioka
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One of the advantages of applying Hill's equatiomghat it is compliant with the requirement of giinity and
robustness.

Without any perturbing acceleration, relative mioticas the following characteristics:
» the along y-axis motion is a simple oscillatiorodiital period;

+ if the condition X, = 2ax, [Eq. 2] is checked, then the relative orbit doesdrdt (both orbits have the same
semi-major axis); its projection onto the (xz) pdais an ellipse (that can collapse to a single tpaitnose
major axis is aligned with the x axis and is twécelong as its minor axis; the projection onto(ym plane is
an ellipse (that can collapse to a segment) whizgeasd orientation depend on inclination and ety
separation vectors; this relative orbit is therefstable and periodic (if there is no perturbatairgourse).

5.3. MANOEUVRE COMPUTATION

In accordance with what was explained about drivingstraints, several options are considered ampteimented for
the relative trajectory after a collision risk istected. All of them are based on Hill's equatiosith no perturbations,
and not considering any error such as navigatiaonawoeuvre realization.

5.3.1. FIRST OPTION: RELATIVE DRIFT ORBIT

A first option that can be considered consistseitiirsg a relative drift between TARGET and MAIN gtihct semi-
major axes). This option appears to be very simpktvery safe (as relative distance tends to coatigly increase on
mid-term), provided relative drift is carefully seted: indeed the relative trajectory projectedhia (xz) plane can
make some loops, especially if drift is small, BattTARGET could get back just after the manoewrrafter one
revolution.

What is proposed is creating@ opposite to current velocity (at the time wherolision risk is detected) in the (yz)
plane, so that current velocity is cancelled, settirey a proper drift:

» Cancelling velocity along yy, = 0 [Eg. 3.1]

» Cancelling velocity along zz, = 0 [Eq. 3.2]
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s X, = 2axm, +k|3;gr(x0) where k is a parameter (strictly positive) selechy TC (sgn(¥)?® gives the right
orientation outwards the sphere to the trajectosy after the manoeuvre). [Eqg. 3.3]

If the value of k is too small, either the initislocity is such that the trajectory does not imiagdy exit the sphere, or
the trajectory crosses again the sphere one rémolidter, due to a weak drift. Taking into accoaoterrors at this
stage, and denoting TARGET's pulsatianand the safety threshold d, it appears the minimtatsatellite distance
(after the manoeuvre) is 0.946d for e (because the very start of the trajectory is niwan some cases); for
k=1.2ud, it is 0.977d; for k=1.@d, it is 0.986; beyond k=1¢¥, it is d. A value of 1.@d a priori seems enough, but
this has to be confirmed by performance tests avithore realistic orbital dynamics.

Even though this option seems safe, one drawbatkeaxpected: if ground does not take over soonghn then the
relative distance can become rather high, whichnmegither a long delay or a high propellant cost donew
rendezvous and the mission resumption. That's wisgand option can be considered, which consists rielative
stable orbit: in such a case, recovery would belari(typically one orbital period).

5.3.2. SECOND OPTION: RELATIVE STABLE ORBIT

This option consists in finding a manoeuvre thatildcset the MAIN onto a relative stable (perioddchit (same semi-
major axes) that remains outside the safety spfteking into account neither perturbations nor e).0As this relative
orbit is periodic, it remains in the vicinity ofédhTARGET (given that orbital period is much smatiean ground’s
reaction delay). There are two special cases witiagghtforward manoeuvre that comply with thiguieement:

» If the MAIN crosses the safety sphere in the (Wanp on the point (X yo, Z) then the conditiorx, = 2axz,
ensures stability (no drift> projection onto (xz) is an ellipse), and condisiop, = az, and z, = —ay, (or
Y, = —azZ, andz, = wy,) yield a relative motion whose projection onto)(iza circle that has the same radius
as the safety sphere; [Eq. 4.1]

» If the MAIN crosses the safety sphere in the (Xanp on the point ¢x Yo, Z) then the conditiorx, = 2az,
ensures stability, and the conditidg = —2ax, yields a relative motion whose projection onto (zan ellipse
tangent to the sphere at the impact point andrémasins outside it. [Eq. 4.2]

Initial point bd

/\/Initial point
y >
%20' -7d \ / d X

v

e
N

Figure 4. Two examples for an initial point in the(xz) plane (d is the safety sphere’s radius)
A combination of these two case yields a generitiga conditions VY, :sgr(yo)|I<lsgr(x0)|]rdzO and

Z, = —sgr(xO)Dfo 1/4x; +yZ (the sign of z, should be defined byyso that the ellipse in the (xz) plane systemdsical
remains around TARGET, then it defines the sig,0fyields an ellipse and intersatellite distanceaiers greater than

2sgn(x)=+1 if »0 and -1 if x<0.
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0.975d (with d the safety threshold). These coad#tido not give a minimal relative distance gre#itan d strictly,
nevertheless 0.975d is acceptable. [Eg. 4.3]

This manoeuvre is simple to compute and is intergsiecause MAIN remains in TARGET’s vicinity, netheless it
has a potential flaw that can probably be expebfdre any performance assessment: if the impdot pin (xz)
plane (and especially close to x-axis), safetyesein tangential separation, which is probablyswoteliable (mainly
owing to differential drag, significant at thisiltde and this epoch, but also to eccentricity,chtis neglected in Hill's
equations). That's why a third option was desigmedase this one would have proved not robust gimou

5.3.3. THIRD OPTION: 2- AV RELATIVE STABLE ORBIT

This option is inspired by geostationary spaceaalfocation. It assumes tangential separatiorotseliable (because
any tiny error, due to navigation, manoeuvre radilim or model simplification, may result in a wgosemi-major axis,
and thus a wrong mean motion, which may canceldatiey separation); therefore radial and normabsgjons (i.e.
eccentricity and inclination separatiénare phased so that when one of them cancelstitee is maximal. Typically
this can be achieved in this case if a®f commanded by anticollision, the relative trajegtprojected onto (yz)
plane (the normal-radial plane) is a circle (whigius is the safety threshold).

Such a trajectory cannot be reached with a siA§leunless the initial point on safety spherg, (%, 2) is already in
(yz) plane. In other casesA¥ are necessary. There is not a single solutionwhat is proposed is that the fies¥ is
identical to that of the previous option, so the tonfiguration is as safe as possible if thersgeoanoeuvre cannot be
performed for any reason. Based on Hill's equati@@rsl thus not taking into account any error oityseation), one
can demonstrate that there is always a solutigheitime when a collision risk is detected is asstl equal to 0, and if
the AV computed according to [Eq. 4.3] is applied at ttiine, then the projection of the subsequentiveldtajectory
onto (yz) crosses the circle of radius d (d i$ #t@ safety threshold) and centred on TARGET eveych as:

1 2z

1 1
ot =+>acos +=atan sgr{x, ) 3——m2— | [x] [Eq. 5.1]
S 4z} 2 VA + Y5 +y,|

2
(\/4X§ +Yo +|yo|)

This yields 4 times every revolution; at the soorieee for instance, one of the following conditio(the condition
leading to the smalle&tV can be chosen) applied to relative velocity tlgfoia second manoeuvre gives the desired

20z, 20z, X

trajectory: | —wz, | or | wz, | where |y, | is the relative position at the time of the secomahoeuvre (it can be
Y, oY, 4

derived from current position/velocity thanks tdlidiequations). [Eq. 5.2]

— | De, e, €.cosw — Ai
3 With the meaning of eccentricity/inclination segizon vectors:Ae = , with = ] cand A = . [Eq. 6]
Ae, e, esinw sini.AQ
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theta = 6%pif24  phi = 0'pif24 theta = 6%pif24; phi = 0°pif24
T T T

i | i i 1 i i i .
50 -a0 30 20 -0 o 10 20 o 2000 4000 6000 8000 10000 12000 14000
Temps de la simulation (pas de temps)

Figure 5: An example of option 3 implementation (atnitial time, a collision risk is detected, with athreshold of
20 m, a firstAV is immediately applied, and then a second one)r@pagation over 2 revolutions based on Hill's
equations
Leftwards: relative trajectory projected onto (Xgheen), (yz) (red) and (xy) (blue)

Rightwards: relative distance (m) versus time (s)

5.4. IMPLEMENTATION OF THE ANTICOLLISION FUNCTION

This function is implemented as a Matlab/Simuinkbrary, which is then integrated into the FFIORDrary; this
library is autocoded into C code with the Real Tiderkshop Embedded coder® in order to generateothboard
software. The function will be activated by thelwrard software at 1 Hz.

The anticollision library with its interface is pted below:

i
n
ATC_CMES_gui_CA_setParam TM_CNES. qui_CAp

MTC_CMES_gui_Ca resetCollision Detection
gCA_deltals_SLORr

ATC_CMES _gui_Rw_setOrbitaFaram

gC&_deltah/_time_SCETE
Anav_dx_SL0O

AGHC_SCET gt4_Fag_dmin g

CHES_guidance_Ca_likb

Figure 6: Anticollision library

Its inputs are described below:

e A TC to set anticollision parameters (mainly ddfomn of the two safety thresholds, and the kind of
anticollision algorithm chosen for each of them);

« A TC toreset anticollision after a collision risks been detected;

« A TC for some additional parameters common withrérelezvous function (orbital pulsation)
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« Relative navigation data and on-board time.
Its outputs are given below:
A TM flow output every second, with a flag for eabtineshold and, if relevant, computéd;
« The commandedV in local orbital frame and its time (0 as longremscollision risk detected);

« A specific flag towards FFIORD software to disaltteother functions (e.g. rendezvous) when a dohisisk
is detected.

6. ANTICOLLISION FUNCTION SIMULATION AND ASSESSMENT

The function’s performance (i.e. its ability to seé MAIN onto an orbit that remains outside thiesasphere once a
collision risk is detected) is driven by the folliog errors and simplifications operated in algarith

« A first model error is due to the use of Hill's eqjons in the computation of manoeuvres; in paldicthe
TARGET orbit is not perfectly circular (an eccenity up to 0.004 is expected); this means in paldicthat
the stability condition from Hill’s equations [E2] is slightly erroneous (see footnote in sectiR);

* A second model error, also related with the sedactf Hill's equations, is due to dynamics: Hilkguations
actually assume a Keplerian motion; therefore pbetions such as geopotential’s higher orders,,dcau
solar attraction and Sun radiation pressure argaken into account; drag in particular is expedtedring a
significant limitation to performances (PRISMA slobioe launched not earlier than 2009, thus witlataer
high Sun activity);

« Navigation errors: this brings an error on collisidsk detection (wrong intersatellite distance poiation)
and onAV computation (it depends on current position e@ldcity);

* Manoeuvre realization errors (MIB, and so on).

Besides, performance can be expected to dependheorimpact point’'s location on the safety spherecghee of
algorithms on the one hand and because of navigaéoformance, which depend on relative configoration the
other hand): even though the MAIN is not expeciede out a cone around tangential axis, statisstaulations
should account for this in order to cover all pblesielative configurations.

In order to assess accurately performances, asasglerformances of other FFIORD functions, an ratewsimulator
was developed by CNES under Matlab/Simuinkt models in particular all the errors listed eb@and enables Monte-
Carlo simulations by a statistical model of reldvparameters. All the following results rely on siation of at least
1000 cases.

The safety threshold considered in these simulatisrR0 m as it will be the typical minimal relaidistance during
FFIORD experiment. The expectation is that withhsacthreshold, relative distance remains high ehdog safety
(typically at least 5 m whatever errors over ong) datherwise this would imply a higher threshadd, that the whole
relative distance range cannot be tested for FRREation.

6.1. ASSESSMENT OF OPTION 1

The expected robustness of this option was condirime simulations. In any case and whatever ertbes,minimal
intersatellite distance is greater than 19.5 m &wmafety threshold of 20 m), which is in accordanith what was
expected. Of course for this option, the maximétrisatellite distance is also a major criterionrexovery after it is
triggered is either longer or more expensive (imtef propellant) if this intersatellite distanesegreater.

Hill's equations show relative distance should bewd 6.6 km after one day (for a safety threshéldtom), with no

perturbations or errors. This means a new rendezvamuld be necessary after this option is triggeRefturbations
and errors can bring about 1 km more or less (feerg high solar activity), mainly due to differéitdrag.
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Figure 7: Number of cases (out of 1000) vs. maximedlative distance (m) after 1 day

Maximal distances are separated into two bins, ddpg on the initial point’'s position with respdotradial axis

6.2. ASSESSMENT OF OPTION 2

This option quickly proved its lack of robustnessl as not reliable enough to be operationally imptated. Indeed in
some configurations, the non-cancellation of th@imal relative distance (or even the fact the MAidMains far
enough from the TARGET) cannot be guaranteed ovangenough period:

« The fact eccentricity is neglected in Hill's equat leads to a wrong stability condition [Edf, 2o that if the
impact point on the safety sphere is close to théad plane, tangential separation (which safefies on, in
such a configuration) can decrease significantlystone TARGET's true anomalies: typically up to saost
(with no other errors modelled) over only 3 revios in 0.75% of cases (initial minimal distancem);
one can infer from these results that after onerdieymal relative distance would have lost at IeB3tm in
about 6% of cases;

* Again when the impact point on the safety sphergdse to orbital plane, manoeuvre realization rercan
lead to very small minimal relative distances: éaample, it is less than 10 m after 4 revolutianalbout 5%
of cases (the manoeuvre realization error’s stahdaviation can go up to 10%);

- Drag has a major impact, as it could be expectgdinaespecially when the impact point is in orbjikne;
simulations over 1 day show a minimal relative atisie less than 10 m in typically 7-10 % of casgeedding
on Sun activity (even with medium activities); &rcreach only 3-4 m in worst cases, and this minincan be
reached within a few revolutions

These partial results clearly show this option & oompatible with FFIORD mission requirementswibuld be
necessary to take margins on the safety threshugld that mission’s experimental objectives could lve completely
reached.

6.3. ASSESSMENT OF OPTION 3

Simulations based on a safety threshold of 20 myghe following facts:

4 According to [4], tangential velocity error can heunded byl:)'(O - 2020| < 36&20 [Eq. 7], which yields about 2 m per revolution fsiocase)

here: this is consistent with what expected. Ireotd handle this issue, target’s eccentricity $hée taken into account in equations (for example
using Lawden’s equations instead of Hill's equatiagiven they are much more complex).
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» Eccentricity has a small impact: minimal relativistdnce greater than 18.8 m, stable from a reaiutd
another (it is just a small distortion of the dedirtrajectory in the radial-normal plane); thisioptclearly
improves results with respect to option 2 on thsie;

« Navigation errors have an acceptable impact: mihiglative distance greater than 17 m, stable too;

« Propulsion errors also have an acceptable impdotnral relative distance greater than 16.5 m in thoases
(and up to 14.7 m in 1% of cases, given that vemyservative hypotheses are assumed), and the most
important, this remains stable (it is also justlighs distortion of the desired trajectory in thedral-normal
plane);

- Differential drag (and solar radiation pressured hastronger impact: minimal relative distance grethan
13.5 m over one day whatever solar activity.

The option’s performance regarding orbital perttidves is explained by the fact that radial separais eroded by
differential drag (and therefore is not as reliabke normal separation). Performance is not actuslyer with a
medium solar activity (fg 7 &=150.10°2 W.m?.Hz %) than with a very high activity (5=350): the minimum is reached
after about 10-15 revolutions (almost one day)hie former case, and much sooner (a couple of reenk) in the
latter case. The radial separation evolution canabiger complex because of attitude control (asF-BRtennas must
remain pointed towards each other in order to kegpod navigation performance, any normal separddads to an
attitude control that induces large variationsha ballistic coefficient). The next plots illusteasuch a case: attitude
control first induces a large difference on diffetiel drag, which induces a quick and importantiation of radial
separation; the MAIN moves away along tangentiid,as0 that normal separation becomes less donitiastyields
an inversion of differential drag that inverts taeolution of radial separation, so that tangergigparation vanishes
(and normal separation gets dominant again, tmesainversion of differential drag).
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Differential drag (MAIN-TARGET) in m.s ? | Tangential separation (m) vs. time (s) over 3 Radial separation (m) vs. time (s) over 3

vs. time (s) [blue along x] over 3 revolutions | revolutions revolutions

Figure 8: The differential drag effect with option 3

Nevertheless the overall performance of this optémnains acceptable. The following plots show penmces with all
sources of errors taken into account. Very consevdnypotheses are considered for manoeuvre etiliz errors
(standard deviation up to 10%), drag (Solar agtisét to g =350) and eccentricity (e=0.005):
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Figure 9: Option 3 performance

This shows that minimal relative distance remaister than 5 m over almost one day and a haléngitvis more than
10 min 95% of cases.

7. CONCLUSIONS

Accurate simulations show that the singM-drift orbit option is very robust and reliablendh ensures collision
avoidance even with a high level of errors. Ondtieer hand, it leads the MAIN spacecraft ratheglaway from the
TARGET, especially if ground does not take overchlyi (typically up to 8 km after one day). The dmV stable
periodic relative orbit (which avoids this drawbgckn its side, appeared not to be reliable encumiess taking
penalizing margins on the safety threshold), sa thavould probably not be used. The douhM-stable periodic
relative orbit option, based on a phasing of iradiion and eccentricity separations, and thus ofaltahd normal
separations, shows a medium robustness: it isitifimore robust than the single/ strategy, but radial separation is
not so reliable on mid-term, mainly owing to thdeef of differential drag: while tangential sep#atis not
controllable, radial separation, initially set 1 &, can be reduced of about 6 m.

Given that the FFIORD anticollision function implemnts two distinct safety thresholds, with a cadliisiavoidance

manoeuvre computed for each of them, a possiltitysists in setting the first threshold to aboutn2@compatible

with mission’s objectives) with the doubd/ stable periodic relative orbit option, which adeito move the MAIN

away; then the second threshold is set to a mudhlemvalue, but selecting the drift orbit optiom darder to ensure
safety as a last resort, in case the first cotligigoidance double manoeuvre was not robust en@mghas this second
threshold is smaller, the maximal intersatellitgtalice induced by drift is reduced accordingly).

Eventually, this shows it would be interesting mgplement and analyze an alternative option whichlgv@onsist in
performing a first manoeuvre to create a propéft, dind then a second one to stabilize the MAINaonorbit with

characteristics to be determined: this would comtiive robustness of the drift orbit option whileiaing to get the
MAIN too far away from the TARGET.
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