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ABSTRACT

SIMBOL-X is a high energy new generation telescopgering by a single instrument a continuous eneegge
starting at classical X-rays and extending to b&mys, i.e. from 0.5 to 80 keV. It is using inghield a focalizing
payload which until now was used for energy bel@ké&V only, via the construction of a telescoperitisted on two
satellites flying in formation. SIMBOL-X permitsgain of two orders of magnitude in sensibility apatial resolution
in comparison to state of the art hard X-rays imagnts.

The mirror satellite will be in free flight on adhi elliptical orbit and will target the object tbserve very precisely,
thus focusing the hard X-ray emission thanks te thirror module.

At the focal point area which is situated 20 mebeisind the mirror satellite, the detector satelitaintains its position
on a forced orbit thanks to a radio link with thenor satellite and a lateral displacement sensorgia beam emitted
onboard the mirror satellite. This configuratiors&d “formation flying”.

The location of the detector satellite shall beyarely tuned as it carries the focal plane ottistributed telescope.

To provide science measurements, the Simbol-X drdét been chosen High elliptic (HEO), which mediigtieal
orbit with a high perigee altitude. Preliminary digs where made with an orbit with an altitude loé perigee of
44000km and altitude of the apogee of 253000km.dFbi was seven days ground track repeated irr dodmaintain
a perigee pass over the Malindi ground stationowndoad scientific telemetry. But as studies wemt difficulties in
mass budget, link budget, perigee maintenance anabfion flying maintenance were raised. This wasniy due to
the vicinity of the Moon and its disturbing effext the satellites’ orbits. Alternative orbits hdeen proposed in order
to demonstrate the feasibility of the mission.

The problematic of bringing the two satellites frdmeir injection orbit to their operational orbid 2n apart from each
other and then maintain this configuration is velmgllenging. It requires theoretical developmerthefrelative motion
between two satellites in high eccentric orbit Wittge differential disturbance on the two bodies.

This paper will present the mission analysis foge Bimbol-X satellites with the complex problematit doing
formation flying in high elliptic orbit.

ACRONYMNSAND NOTATIONS

CAM | Collision Avoidance Manoeuvre

DSC | Detector Satellite

HEO | High Elliptic Orbit

IAR | Integer Ambiguity Resolution

ISD | Inter Satellite Distance

ISL | Inter Satellite Link

LOS | Line Of Sight

MSC | Mirror Satellite

RAAN | Right Ascension of Ascending Node

AV | Velocity increment

® | Argument of perigee

1/13



1 MISSION OVERVIEW

The Mirror satellite, carrying the mirror of the
telescope, flies on its natural orbit. The Detector
satellite, carrying the focal plane assembl
controls its position with respect to the Mirro
satellite. The Line Of Sight of the telescope i
the line joining the center of the detector to th
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Evolution over the year of the SIMBOL-X observaiolre

This pointing allows 1000 targets during the 2.&rgeof nominal mission, and 500 additional targkiisng mission

extension (2 more years). The pointing is simitatite one of XMM and Integral.
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2 CHOICE OF THE OPERATIONAL ORBIT

21 CONSTRAINTS

A major constraint is that science can only be nmetdan altitude higher than 73000 km. It is théngstted minimum
value for the altitude in order not to be disturlbgdthe Van Allen outer radiation belt. The avaiiligpfor science is a
function of the altitude of the perigee and apagfehe orbit.

Then, the hydrazine budget to maintain the fornmagjoows significantly when the altitude of the #ées is less than
15000 km. One solution would be to break the foromaat each orbit when approaching the perigeetHistsolution
was rejected, because of the complexity of therosgdéion of the operations associated, and of dission avoidance
issues. Thus, the perigee altitude should be ab6080 km: the simulations show that the 1-year buéty formation
flying is 2.5 m/s for a 20000 km perigee altituBem/s for a 15000 km perigee altitude, and morattdam/s for a
10000 km perigee altitude. 1 m/s represents molessrl.5 kg of cold gas.

Another requirement is that the orbit should besgldawith the Malindi ground station (Longitude 40\, Latitude
2.99°S) for TM/TC convenience. The studies madawsthat the TM/TC coverage is satisfying if thefeliénce
between the perigee longitude and the longitudb@fground station does not exceed 30 degrees,ikthen perigee
latitude grows up to 40 degrees. We will see [#terimpact of this constraint on the station-kegstrategy.

Then, the perigee and apogee have obviously maxiralnes depending mainly on the following charasties: the
launcher capacity in terms of mass is of coursééuin The SOYUZ capacity for the chosen transfditas around
2300 kg. Thus, the perigee altitude is to be chdstween 15000 km and 20000 km. There is also igation on the
platforms totalAV capacity for LEOP manoeuvres, station-keeping emdi-of-life manoeuvres. For a perigee altitude
raising at 15000 km, thAV LEOP budget is between 275 and 302 m/s. For 20000the AV LEOP budget is
between 347 and 380 m/s.

And finally, the link budget is significantly impved by a decrease of the perigee altitude.

2.2 ORBITAL PARAMETERS

To ensure the maximum availability for science, ahtt is chosen high elliptic (HEO). Then, in orde maximise the

availability for science (the objective was 90%ie prbit initially chosen had a repeat cycle ofdesal days, but this
kind of orbits are not compatible with link and redmidget. This is the reason why the altitude efggrigee has been
decreased compared to the initial values givehearabstract, and the repeat cycle is now 4 sidena.

The main advantages of the 4-day orbit are: Themar perigee altitude, which will be reached afigrears of free
evolution of the orbit, is close to 36000 km, wieerd is close to 70000 km for a 7-day orbit. Atitadle of 36000 km
is compatible with the link budget. Then, for a &ydorbit, the minimum perigee altitude is 15000, katich is
compatible with the cold gas budget for formatityinfy. Another advantage is that the perigee pass Malindi is
very stable —with the hypothesis taken in the mnaéviparagraph- through the lifetime of the saedlitonly a few
correction manoeuvres during the mission are nacgs®n each orbit, there are 3 passes over thengrstation: the
first one, around the perigee pass, lasts abobb@ss for a 10 degrees minimum elevation.

Indeed, the altitude of the satellites is
crossing the geostationnary altitude, so
the satellites catches up the Earth
rotation, and a Vvisibility duration
lasting more than a day is obtained.
There are also two other passes lasting
both about 11 hours, just before and
after the apogee pass. During the
operational phase, and out of
contingency cases, communications
are established once at each Malindi
pass, that is to say 3 times per orbit,
for 2.5 hours on average (4.5 hours on
average for the perigee pass). Ranging
and correlation between onboard time
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Representation of the 4-day orbit with the 73000akitude limit for science

and the visibilities from a given ground station and universal time are performed

during each communication session.
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Another characteristics of this orbit is that wevdh@f course a much lower hydrazine cost for staioquisition and
maintenance, and a gain of performance of the lemsince the target orbit is of lower energy. Fhacipal
drawback of the 4-day orbit for SIMBOL-X missiontigt the cycling ratio, i.e. the time spent at#itude higher than
73000km, which is directly linked to the availatyilfor science, is 3.3 days per orbit, which repngés 83%, instead of
90% with the initial 7-day orbit.

This reduction of the availability for science hbasen accepted by the scientific community partigigain the
SIMBOL-X project. So the chosen orbit has an ihigiarigee altitude of 20000 km, and an initial ageg@ltitude of
179738 km, in order to obtain a 4-sideral day mkridhus, the semi-major axis is 106247 km, and itfital
eccentricity is 0.7517281. The initial inclinatieminduced by the inclination of the launch padween 5.2 and 7.2
degrees.

2.3 ORBIT ORIENTATION

For HEO orbits, the orientation of the apsidal lnreenains nearly constant, even if the argumergeoigee and the
right ascension of the ascending node are not aohdnhdeed, the main perturbation on the apsidel drientation is
the J2 perturbation but for HEO, the regressiothefline of nodes is very small.

The choice of the orbit orientation will actuallgve an influence on the eclipse periods and oretiwéution of the
perigee and apogee altitudes. We can choose thepmjgte orientation to take advantage of the comtieffect of the
Sun, Moon and Earth attraction. With the apogeeatdwthe sun, the perturbations will lead to anease of the
perigee altitude and a decrease of the apogeedaltifny other orientation of the apsidal line negd to a decrease of
the altitude of the perigee, which could be dramatien the satellites are on their transfer oifiius, the orbit at the
beginning of the mission is chosen with the linenofles perpendicular to the Earth-Sun directioneatal equinox
(which means RAAN = 90 deg, constant value all dher year in a Keplerian motion) and the apside s in the
same direction, the perigee being the same poamt the ascending node (which means argument ajgeer O deg,
constant value all over the year in a Keplerianiomt

Eclipse
SPRING
Moon orbit
WINTER
gy —0 o
\_/ -/ 0
SUMMER
AUTUMNY
Eclipse
Vernal Axis

Impact of the orbit orientation (RAAN=90 deg:=0 deg; low inclination) on the eclipse periods

24 INFLUENCE OF THE MOON

The Moon orbit is located in a plane with an ination of 5 degrees w.r.t. the ecliptic. The Moomaiating around the
Earth at the mean altitude of 384 400 kilometresetcentricity is 0.0549. The apogee altitudeds 803 km and the
perigee altitude is 363 296 km. The orbital pewbthe Moon is 27.32 days.
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The Moon effect is more important at the apogeeforbit, where the satellite is at the close#tto the Moon. The
constraint is to maintain the perigee altitude eeily on the transfer orbit, because the peragt#éude is relatively
low (300 km), which means maintaining the velocitythe apogee. The worst effect on the altitudéhefperigee is
when the velocity at the apogee decreases. Théepnalif the minimisation of the Moon effect is neisg to solve: an
analytical model is not accurate, and the optinueahas to be made with a numerical model. Nevétise the
influence of the Moon on the maintenance budgetegligible compared to the impact on the statioquasition.

However, a good conjunction for the station acdjoisi budget means a good conjunction for the stakieeping
budget.

25 LONG TERM EVOLUTION OF THE ORBIT

The main perturbations on the orbit are the attvaadf the Earth, the Moon, the Sun and the s@dration pressure.
The other perturbations can be neglected.

251  Natural evolution of the orbit parameters

The nominal mission is set to 2.5 years, and tlu&iadal program has a duration of another 2 yesrshe evolution of
the orbital parameters is studied for a duratiorb gfears. Since no constraint on these parametegé/én by the
mission, their natural evolution during this exteddifetime is studied. During this period of tintee inclination and
the other angular parameters of the orbit will hav@gh variation. In particular, the inclinationllvincrease up to 40
degrees.

During the first 3 years of the mission, the pegigéll increase, and the apogee will decrease.slingsoidal effect of
six month period is due to the Sun. Al4-day pedaefiect due to the Moon can also be observed.aFive-year
mission, the perigee altitude will increase up 59 km and the apogee altitude will decrease dowt64000 km,
but the semi-major axis remains nearly constant.
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The previous plots show the evolution of the apaye perigee altitudes, assuming the operatiofeabégins in 2016.
However, for any other date for the beginning &f tperational life, we notice the same long terwiwgion for all the

orbital parameters and with nearly the same magmit@®nly short period terms differ because theeedapendent of
the launch date, since they are linked to the jposdf the Moon at the time of the launch.

Since we are dealing with 2 satellites -the MSC #redDSC-, there might be some differences in tng-term free

(i.e. without manoeuvre) evolution of their orbiteglrameters. The main perturbing forces are thacétin of the Sun
and the Moon. These forces are derived from a fiatero they are independent of the charactesigiiche satellites.
The other perturbing force that must be taken adcount is the solar radiation pressure. If we icemghat the two

satellites have the same ratio for Surface / Mgsevolution is the same for the MSC and for tt&CDIf this ratio is

different, the evolution will be slightly differergts we will see later, but the global pattern @& thbital parameters
evolution will be the same for the two satellites.

We have considered here the free evolution of #tellges, but we have to keep in mind that stakieaping will be
necessary to fulfil the requirement of downloadi@ta at the perigee over Malindi ground stationis Twill be
developped in chaptér

252  Sun Eclipsesduration

The orbit at the beginning of the mission is choaéh the line of nodes perpendicular to the E&tim direction at
vernal equinox, and the apsidal line is in the salimection. As a consequence , the eclipses takeeph the station-
keeping part of the orbit (i.e. close to the pegjgso they do not perturbate the mission. Thezdvan periods of Sun
eclipse per years: one in spring and one in wifflee maximum duration of the total eclipse is 190,rbut penumbra
can have duration of 270 min. The natural evolubbthe RAAN will increase the duration of the psies during the
mission.
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3 LAUNCH

31 LAUNCH CHARACTERISTICS

The satellites are launched stacked by Soyuz frmKburou launch pad in French Guyana. The lauachiplocated
at 52.8° W, 5.2°N. The satellites are then sepdrét@m each other when injected on a transfer offlie ground
manages the operations to have them reach thelrdaientific orbit thanks to their own propulsisabsystem, as well
as the closing manoeuvres to bring them at the malmdistance from each other. Assuming that noiriatibn
correction will be performed, the launcher perfonee for a 300km x 180000km separation orbit is 82330 kg,
which fits the Simbol-X satellites mass budget.

3.2 LAUNCH WINDOW CONSTRAINTS

For a launch onto a Highly Eccentric Orbit, thesgtjon orbit must be such that its perigee doeg&entry into the
Earth's atmosphere during the first orbits. Sugpidig motion of the perigee height is due to lwias (Moon and
Sun) perturbations and depends on the orientafitimecorbit at launch time and on the Moon positidhe following
parameters are fundamental for the evolution ofotfid: the right ascension of the ascending ntue position of the
Moon on its orbit and the launch day in the yeartl@ initial effect of the Sun. The argument o fherigee will also
have an impact. The right ascension of the ascgndode and the argument of the perigee have beesech
previously, taking system constraints into account.

For platform constraint, the first apogees aftgrasation must not be in eclipse. For a launch imgpor autumn, the
eclipses are located just before or after the perif the orbit, so this constraint has no impacth@ launch window.
The inertial orientation of the orbit is achieveddhoosing the launch time in the day, dependintheriaunch pad and
on the launch duration. These parameters are hoieyermined. If the Moon is in the vicinity of tiransfer orbit or of
the apogee of an intermediate orbit, it can distbebtransfer orbit or change the intermediatetoMariations in the
perigee of an intermediate orbit can have serioogacts: a decrease could cause an atmospheridrye-gris
corresponds to a 2- to 3-day period every monthth&sMoon effect is important on the perigee ipisferable to
launch in a period such that the Moon effect wilirease the perigee and during which there isgkoafi Sun eclipse
by the Maoon.

4 ORBIT RAISING STRATEGY

41 LEOP SCENARIO

The satellites are separated one from the othtbedtme of injection on the transfer orbit. Theahit position of both
satellites is the same at the instant of separabiahthe semi-major axes are slightly differenteaese of the smallVv
(order of magnitude: 1 m/s) produced by the launbeéveen the 2 satellites at separation. A phastirmgegy has been
studied (c#.2), and also a coordinated strategy (nominaleggya cf4.3).

4.2 PHASING STRATEGY

The aim of the study is to determine the t@#l for SIMBOL-X orbit raising including the manoewes necessary to
phase the two vehicles. Preliminary results arergias examples for a given launch date. The siegliphasing

strategy proposed does not depend on this date teiv run of the corresponding software has sitttphe performed

for each different launch date.

As we will see below, the phasing conditions usethis work are not SIMBOL-X ones. In fact, we Use the same
conditions as in a Lambert’s problem (equality loé brbital parameters or equivalently, equalityhaf positions and
velocities) instead of SIMBOL-X conditions relatexthe distance between the satellites.

We assume here that the manoeuvres are impulsivev@icompute the parameters of these manoeuveet)e. date of
application, modulus and direction, in order toctethe desired final values of the perigee and epadtitudes for the
two vehicles, taking into account perturbing fordée terrestrial potential, the influence of thedvi and the Sun, the
Solar pressure, the drag force. No correctiomefihclination is performed. Another objective loétstudy is to meet
simplified phasing conditions: the orbital paramegtef the two vehicles must be the same after dise rhanoeuvre,
taking into account again perturbing forces in¢bmputation.

In order to fulfill the above conditions, the follng strategy is used:
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In a first phase, the DSC is put on an intermediaté with the same apogee altitude than theahitansfer orbit but
with a perigee altitude equal to 2000 km. Thisoisdvoiding re-entry in the atmosphere before tiak & the phasing.
So, we have to determine the amplitude, directiwh date of the manoeuvr®/1 in order to reach the desired orbital
parameters (perigee and apogee altitudes) at a tivget date, while minimizing the amplitude o thanoeuvrédV1.
Note that the solution values depend on this tadge¢ because final parameters are osculating amésbecause
perturbing forces are taken into account.

In a second phase, the MSC is put on the finat aidihg a near apogee manoeuvre as in the firsepffden, we have
two mathematical programming problems to solve ghases 1 and 2, each one with three unknowns aond tw
constraints. The cost function is simgly/1 for the first phase (respectivelyv2 for the second one) and the two
constraints force each satellite to reach the egdinal perigee and apogee altitudes at the quoreing given target
date. These problems are solved by means of mativaiarogramming software called NLPQL1, the taekd for
extrapolation being here PSIMU. Let us notice tivathave to provide NLPQL1 with the partial deriva of the
constraints with respect to the unknown paramef@us. to the numerical computation of the constsabt means of
PSIMU, a finite difference scheme is used for cotimgLthese partial derivatives.

As a third phase, rhe DSC performs two phasing mawres to satisfy the simplified phasing conditiohs determine
the parameters of these two manoeuvres, we beginrhputing the solutions of a succession of Lan'dberoblems.

Let us compute the Keplerian synodic period of ¢hes orbits, denoted by Ts:
TT
TS - i f
Tf - T|

Then, for each date on a time interval betweendalmptweenAV2 andAt2 + Ts, and for each duration of the phasing
less or equal to the period of the intermediatét @fithe DSC, we compute the solution of a Lambkgutoblem with
less than one revolution. Thus, for each date acH duration, we obtain the parameters of the teplétian phasing
manoeuvres. Then, we simply choose the initial datbthe duration of the phasing that make the gumorms for the
two AVs minimum. These values, together with the charéstics of the computed Keplerian manoeuvres aegl @as
an initial guess for a NLPQL1 optimization that hadake into account the perturbing forces. THNISPQL1 has to
solve a mathematical programming problem with eighiknowns and six constraints using again a fiditeerence
scheme for computing the partial derivatives ofdbestraints with respect to the unknowns.

Detecto -

DV1 = 55.8 m/s GUTT

Anomaly= 167.6° 1)) Detecto "-'-'.;-.......'

Direction w1=39.4° DV3 = 6.74 m/s '~.:::...

Maybe larger W3 = - 346 deg

for calibratior d3 = 2.9 deg -,
Detecto
DV4 = 288.8 m/s :
w4 = -79.8 deg
d4 = 8.5 deg

Mirror
DV2 = 285.33 m/s

Anomaly = 188.6°
Maybe splitin :

Preliminary strategy obtained for t0 = 01/01/2012

The main problem of this phasing strategy is thatdatellites are most of the time on orbits wifferent periods. The
consequence is that the orbital planes have diffexeolutions (nodal drift and drift in inclinatipnand, depending on
the date considered, an important correction of dbeof-plane parameters could be necessary, wbithd be
expensive in terms of hydrazine consumption. Makipgfor this angular difference will also increabe station
acquisition duration.

For these reasons, a coordinated strategy haschesen as the nominal one.
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4.3 COORDINATED STRATEGY
431 Characteristics of the nominal strategy

The main advantages of the coordinated strategghatehe nominal duration of the LEOP is redutedether with the
hydrazine consumption, and the drift of the orbiiaihes remains very limited. The main drawbacksuch a strategy
are that the anticollision has to be managed cdyefand that back-up strategies have to be studied each
manoeuvre, there is a back-up phasing strategsetmape, with a specific set of initial conditiofie nominal strategy
is to increase the perigee altitudes of both stellising almost simultaneous manoeuvres (4 tasoeuvres for each
satellite, for a total LEOP duration of 20 daysheTmanoeuvre execution is programmed during the {hed takes
place just before the apogee. The next pass, villkas place the day after the apogee, is usedaskaup window in
case of non execution of the nominal manoeuvrenenod the satellites.

4.3.2 Back-up strategies

In case of failure on one of the satellites, i@n execution of the manoeuvre at the scheduled, oréither during the
pass just before the apogee pass, nor during taéoblowing the apogee pass, a back-up strateggesd. It consists of
a phasing rendez-vous: the healthy satellite iskiypubrought on the operational orbit, and a rerdazs is performed
with the other one after isolation and recoverthefanomaly, using the healthy satellite as a tafigpés strategy has an
over-cost in terms of duration of the LEOP. The staase is close to 45 days, to be confirmed byirggrstudies.
There is also an associated over-cost in termgdyflzine consumption, related to the orbital pleeiative drift, which
depends on the date. Indeed, in case of anomalggdatation acquisition, the satellite which is @dower altitude
moves faster (in terms of mean anomaly) and th&edbmes necessary to wait until the slowest #atblhs made a
complete turn and reached again a position jushbehe fastest satellite to raise its semi-majas and stop this drift.
This difference in semi-major axis will create alacerror function of the drift duration that must ¢orrected. That
implies using more hydrazine that in the nominakca

0.6 The worst case is when a satellite
= 05 — remains on the transfer orbit and the
$ 04 other has reached the operational
5 03 /o/"/* orbit. Then the semi-major axis and
5 /./0/' inclination difference between the
§ 0.2 / two satellites will create a nodal
Z 01 —1 drift. Moreover, as the perturbations

0 / are different between the injection
0 5 10 15 20 25 | orbit and the final orbit, a drift in
Elapsed time (days) |ncI|nat_|on will als_o _be _cre_ated.

Assuming that the inclination in the

HEO has a secular drift of about 9.3
degrees in 200 days whereas the
inclination of the satellite in the
transfer orbit is nearly constant we will have #tdn inclination during this period and a nodaifd Then, an
additional manoeuvre to correct inclination and enadll be necessary. To correct those two paramsetsvo
manoeuvres will be necessary. This strategy idesssthan a coupled manoeuvre at the orbital positf 45 degrees.
The inclination should be corrected at the apogdrch on SIMBOL-X orbit corresponds to the descegdnode.
The node error should be corrected at the orbisitijpn of 90 degrees , i.e. 1 day before or afferlimit the drift,
the two manoeuvres should be performed as quickjyoasible: the orbit determination and manoewsieEdmmand
should be calculated and sent within 1 day arobhrdpogee.

Node error between the 2 satellites as a functiahe drift duration
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For instance, if a satellite has reached the HE® tae other waits 3 weeks before manoeuvring , @dditional
manoeuvres (than the apogee manoeuvres) will tleemdeded to correct the inclination afdwith an over
consumption ofl3 m/s more than in the nominal case.

5 STATION KEEPING

The only requirement is to maintain the orbit ploaséh the MALINDI ground station. If the orbit isot maintained,
the large variation of the eccentricity and of thelination creates a drift in longitude of the igee of the orbit. The
variation on the RAAN is nearly compensated bywagations of the argument of perigee. The driftoingitude of the
perigee is shown below, for a launch in 01/01/2@ifice it depends on the Moon position, the drduld be different
for a different launch date.

360 4 Thus, the perigee should be
/ maintained to compensate for

/ the mid-term perturbations.
Otherwise the longitude of the

perigee will drift and will no
7 longer be phased with the

/ ground station.
180 e

/ il
135 o a Long periods of time with no
/ / manoeuvre can be obtained by
a choosing the right semi-major
/ axis at the beginning of the
mission. This is obtained by a
bias on the final semi-major
axis (w.r.t. to the theoretical
one). Then the change in orbital
period will compensate the
Perigee Longitude natural drift Moon influence.

w
-
(63}

N N
N ~
(63} o

Perigee longitude (deg)

©
o
h !

X

o

0 0.5 1 15 2 25 3 35 4 4.5 5
Date (years from 01/01/2016)

The effect of the perigee maintenance manoeuviepratiuce a drift in longitude of the satellite.erfrequency of the
manoeuvres depends on the margin allocated artvenground station longitude. But th&/ budget for maintenance
is independent from this margin and only dependtherorbit. A strategy that consists in doing aiserajor axis raise
at the perigee can be applied: at the perigeeseloeity is : Vber= 5145 m/s and at the apogeapy= 729 m/s. With a

2
nwlil—ezi

manoeuvre in the velocity direction we obtain (fr@auss equation)Aa = [(l+ eCOS\/)AV] with the

mean motion n = 1.8230E-5 rad/s
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Due to the high velocity at the perigee we canemira large magnitude of Semi-major axis duringntigsion without
much consumption. With a few manoeuvres duringniesion we can achieve the maintenance of the gepassage
to -/+30 degrees around the Malindi ground statidepending on the launch period and on the injtadition of the
Moon, the number of manoeuvres will be differentbad conjunction will lead to 6 to 9 manoeuvres d08B year
mission (one every 6.5 months). Then a tdtal = 800 km will be necessarp\{ = 2.75 m/s). The number of
manoeuvres may be less important depending onptbehe(and then of the conjunction between the Mawod the
satellite position). Moreover, by choosing the appiate semi-major axis and perigee longitude atginning of the
mission, in most cases, only 3 to 4 manoeuvreshgilhecessary.

For example, for a mission beginning on the 01/01& we obtain the following pattern, only 3 manges are
necessary to maintain the perigee longitude wittdnspecifications:

Day 219 Orbit 56 Day 1004 Orbit 253 Day 1578 Orbit 397
Aal=+130 km Aa2 = +70 km Aa3 =+70 km
AV1 =0.45m/s AV2 =0.24 m/s AV3 =0.24 m/s
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Strategy for perigee longitude maintenance (frof®0/2016)

6 FORMATION FLYING

6.1 CHARACTERISTICS

6.1.1  Formation acquisition steps

Satellite modes are being defined to describe iffiereht steps of the formation acquisition, in theginning of life, or

in case of formation flying interruption. In ti&ee Flying mode, the satellites are controlled independettily,Inter
Satellite Distance is 30 km or more, and thereoisnter-satellite link. In thé&ecured Free Flying mode, the ISD is
monitored through the radio frequency link. A Cabin Avoidance Manoeuvre is automatically calcuavaboard if
necessary. Attitude manoeuvres are also perfororelthfeger Ambiguity resolution. During these fiptases, rendez-
vous manceuvres are computed on ground, in ordeediace the ISD down to 500 meters. The manoeuvres a
performed close to the apogee, using classical debermination information coupled with RF metgjdanformation,
which precision is about 1 meter. In thermation Acquisition mode, the fine RF metrology (1 degree, 1 cm) is
available after IAR. The formation is automaticatlgntrolled by the onboard Guidance, Navigation &uhtrol
subsystem, using the hydrazine thrusters as acsu@wly the ground-satellite link with the DSCused: the MSC
TM/TC is performed through the Inter Satellite Link theCoar se Formation mode, the ISD is reduced down to 20
meters. The necessary translation manoeuvres ameuted from ground. And finally, tH&éne Formation mode is the
science mode. The formation is controlled via thcosensor, and the cold gas thrusters. The definof the phases is
in progress. More detailed information on each gloése, and the associated manoeuvre strategy sbewdailable
soon.

6.1.2  Formation flying principles
The MSC is in free flight, whereas the DSC mairgdis position on a forced orbit relative to the ®IShe relative

position control and the attitude control are perfed by cold gas thrusters on the whole orbit. $y&em is in the
Fine Formation Mode.
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6.2 SIMULATIONS & ANALYTICAL METHODS

We need to analyse the free evolution of the nedadirbit of each satellite. A local orbital refecenframe tied to the
target is used. Since the orbits are eccentrie,cthssical Clohessy-Wiltshire system of equaticarsnot be used.
Lawden equations can be used. But the main drawdiglckwden’s equations is that they do not stamdHe effect of
perturbations. Indeed, in the SIMBOL-X case, theybations due to the differential solar pressaffecting each
satellite can not be neglected. A method is beindiad, which takes advantage of different repreegems of relative
motions, the Cartesian coordinates and the diffareiof orbital elements [1], [2], [3]. The reslitis a particular case -
the non-perturbed linear motion- are already abglaand the work to take into account the solasgure is in
progress. Assuming that the ratio between the doafficients (Cp.S/m) of the satellites is 2.3, firaulations show
clearly the impact of the solar pressure on thatired motion of the satellites.

Trajectory control is needed for the DSC to compemnfor the perturbing forces. The first force thiaall be taken into
account is the differential solar pressure, whiepahds on the angle between the sun and the golitaland on the
delta of Surface/Mass ratio between both satsllildnis perturbing force increases when the ddlt8uoface/Mass
ratio increases. The other force that we have & déh is the gravity gradient. It depends on thientation of the
formation (LOS) w.r.t. the orbital plane; on théitabe of the formation. The gravity gradient ineses when the
altitude of the formation decreases. It also depammdthe distance between the satellites. Thetgrgradient increases
when the ISD increases.
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Example of relative motion of the DSC in the MSg&llorbital reference frame
(the distances are expressed in meters)

The inter-satellite direction is driven by sciettifequirements: it can be in plane or out-of-plafikus, the initial
conditions of the study can be very different. Therkavon the formation flying issues is in progrédg hope to have
interesting results to present in the coming moatitsyears.
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