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ABSTRACT

This paper presents the latest results on the atwigand orbit determination analysis of the
European Student Moon Orbiter (ESMO). The papettains an investigation into the required

orbit determination accuracy to inject the spadédrdao an orbit around the Moon that can be

maintained without control for at least six montAsnew baseline transfer is proposed together
with a navigation strategy which fulfil the strimgerequirement on the total propellant budget
available for this challenging mission.

1 INTRODUCTION

Scheduled for launch in the 2013-2014 timeframe, European Student Moon Orbiter (ESMO)
will be the first microsatellite in lunar orbit dgeed entirely by students [1]. Through the
utilisation of a piggyback payload launch opportynESMO will exploit the benefits of a Weak
Stability Boundary (WSB) transfer to reach a higéllptical orbit around the Moon.

The primary objective of the mission is to acqusteface images of the South Pole. This will be
achieved through the insertion into a polar otoitallow the operation of a high-resolution narrow
angle CCD camera (NAC). To complement the scientitturn, a 3 kg Biological Lunar
Experiment (BioLEX) is intended to investigate thiéects of the space environment on simple
biological organisms. The very limited budget aahlé to achieve its ambitious mission objectives
severely constrains the wet mass to be below 20@hegcurrent wet mass is 189 kg) and imposes
an all-day piggy-back launch requirement (i.eraasfer should be possible for any launch date and
for different launchers). To help alleviate the-agdly piggy-back requirement, the use of WSB
offers a means to provide a higher degree of fliilkin the selection of the launch opportunity.
Yet this flexibility is slated against the experafehaving to use a far more complex navigation
strategy.

This paper presents a navigation analysis congigldrans-lunar injection errors and Moon orbit
injection errors. The analysis provides an estiomatf the required\v budget for re-targeting the
nominal Earth to Moon transfer and orbital inserteround the Moon. Furthermore, it gives an
estimation of the maximum admissible errors in pasiand velocity to achieve an orbit around the
Moon that ultimately satisfies the mission requiegnns. The most stringent requirements are those
concerning the low perilune altitude and a lifetimfeover six months. This paper will present a
trade-off analysis between thev budget and mission lifetime, for high ellipticalnar orbits.
Special orbits such as elliptical inclined frozerbits, also known as Ely's orbits [5], will be
included among the potential options to reducamnission cost. Major manoeuvres are modelled in
details to assess the gravity loss, the requiredraloaccuracy and the criticality of each one. A
nominal set of Trajectory Correction Manoeuvres IS} are then planned to compensate for
errors in the trans-lunar orbit up to lunar orhjection (LOI).



2. ORBIT DETERMINATION AND NAVIGATION ANALYSES

The motivation for this analysis is to obtain arireation of the required orbit determination
accuracy. The first step is to derive a requirenienthe accuracy of the determination of the lunar
orbit injection point. An error in the determinati@f the injection point would translate into a
potentially different orbit around the Moon. A difent orbit will imply either a longer or shorter
lifetime. Therefore, the first analysis will estiteahe lifetime of the orbit around the Moon given
an error in the initial conditions of the orbitdements. A second analysis will investigate the
required accuracy at different times along the sfan orbit. The required accuracy in orbit
determination must be such that one can correctdipot if ESMO will be captured around the
Moon in an orbit with the desired lifetime. Fronetfirst analysis, a requirement on the insertion
accuracy is derived. At the injection point, thedrtion accuracy is given as a function of thererro
in position and velocity. This error is then propggl backwards. The set of back-propagated states
defines a region (or cloud) in the state spaceghabunds the nominal solution. Each point inside
the cloud represents a pair of position and vefdbiat will lead to capture if the state is propaga
forward. The orbit determination accuracy must behsthat it can estimate, with 99% probability,
that ESMO is within the cloud. The cloud will belled capture corridor in the remainder of this
paper.

Sensitivity of the Orbit around the M oon

First, the sensitivity of the orbit around the Mdorerrors in the lunar injection point was assesse

A random error was introduced in the orbital eletaeafter the injection manoeuvre. The error
values ranged from 1%-5%, of the nominal value h## brbital elements. A set of modified

elements was randomly generated and propagatedifdrin time, using the AGI Satellite Tool

Kit® (STK) software, for six months, or until the sparedt was crashing. The altitude of perilune
against time can be fou nd in Fig. 1, 2 and 3 foee different percentage errors and for 10
representative samples. The data plots clearlycateli that a 1% error is already potentially
reducing the lifetime of ESMO by 20 days. In thiappr we deem this reduced lifetime as an
acceptable compromise between mission objectiveé®ebit determination requirements.
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Fig. 1. Perilune lifetime with 1% error in thetiai orbital elements.
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Fig. 2. Perilune lifetime for a 3% error in thdtiel orbital elements.

The 1% error in the orbital elements can be traedlanto errors in the radial, transversal andafut
plane components of position and velocity at theoMoThese errors, illustrated in Fig. 4, are
relative to the Earth and therefore detail the megu capability of the ground station when
measuring the position and velocity of ESMO.
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Fig. 3. Perilune lifetime for a 5% error in thetiai orbital elements.
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Fig. 4. Relative error in position (left) and velly (right) projected along the radial, transvérsa
and out of plane reference frame. The coording@e@Prepresents the nominal solution.

Capture Corridor

The 1% error at lunar orbital insertion was useddéine a region in the state space (position and
velocity) at different times prior to the lunar drimsertion. The region, or corridor, gf...,, — At

defines the set of positions and velocities thaMBSmust have at,,,,—At in order to be

captured at the Moon, at timigserion With at most a 1% error in the orbital elemeritshe lunar
orbit. Note that the inaccuracies in the injectroanoeuvre are not included in this analysis. The
size of the corridor defines the accuracy of ounvidedge of the position and velocity of ESMO.
The orbit determination process must be able toridignate whether the spacecraft is inside or
outside the corridor; without which it will not g@ssible to predict whether or not ESMO is on
course.

In order to know the size of the corridortgt, .., —At, one needs to define at first the corridor at

tinseriion Fig. 5 is a sketch of the relative radial-tramsaé and out-of-plane reference frame at the
nominal injection point. The axis is perpendicular to the orbital plane of the speai¢ before
insertion. One can define a displacemé&nbn ther-h plane and for each displaced point a set of
variationsov of the nominal velocity. The displacements ande#y variations were randomly

generated within a given range. The perturbed s&teor[r +Jdr v+dv]' was then propagated
backward forAt. The displacement vectér is defined as follows:

or =dr[cosd 0 sirg]' (1)
similarly, the velocity variatiodv is defined as:
Sv=0v[cosd cop cof sip sl (2)

where,

_ -1
¢:§T 19:—2((;0369+L2’)+])

The angled is sampled from the interval [d® with uniform distribution, the quantitieg and 8

are taken randomly within the interval [0, 1], withiform distribution, whilejr is taken from the
interval [0,&], with uniform distribution, where, is the error on the position. With this choicésit
implicitly assumed that there is 100% probabilitgttthe displacement is in that interval. Therefore
there is a 100% probability that if ESMO is withiive corridor then it is captured. The reverse s no
true in general. For the velocitie®; is taken from the interval [@,] with uniform distribution.



Fig. 5. Schematic of theh plane at the lunar
orbit insertion point.
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Fig. 6. Schematic of the back-propagation.
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Fig. 7. Position dispersion at 1 week from lungedtion,r-h plane.
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Fig. 8. Velocity dispersion at 1 week lunar injeatir-h plane.

A total of 10000 perturbed state vectors were pgaped backwards for one week, two weeks and
up to the WSB point (the farthest point from thetkp The resulting positions and velocities were
then projected on the r-h and r-t planes at epéatp 6 shows a sketch of a perturbed solution
intersecting the r-h plane). Figs. 7-10 show tteulteof the backward propagation at one and two
weeks. The green dots are the perturbed solutamnsitig the trajectory corridor, and the red dot is
the reference trajectory of the existing baseliflee velocity plots give only the variation with

respect to the nominal value; therefore they ardred on 0. For each figure, the right plot is a



close up of the left plot around the nominal trensfAs long as ESMO is located within the
trajectory corridor then orbital insertion arouhe tMoon can be achieved.

Positiloolg dispersion @ 2 weeks from injectionvrefvi—lom/s,errr:+/—5 km Position dispersion @ 2 weeks from injectior}/:el—d—lOm/s,errF+/—5 km
X
3 T T T T T 1500F
2.5r
1000~
2,
500~
_. 150
-i Nominal Trajecto E
= = O Nominal Trajectory——>
0.5 -500-
or / 1 -1000-
05 - =) 0 1 2 3 . . . . . . .
r [km] -1500 -1000 -500 0 500 1000 1500
x10° r [km]
Fig. 9. Position dispersion at 2 weeks from lumggdtion,r-h plane.
Velocity dispersion @ 2 week from injection‘:lmlflom/s,errr:#fs km Velocity,dispersion @ 2 week from injection\:/eff/—lOm/s,errFH—5 km
1 x 10 ‘
8,
0.5+ 6l
4,
0,
2,
Q Q
E o5 E o
>£ >_:
_2,
-1}
—a4
-15- o
_8,
2 . . . . . . .
-1 -0.5 0 0.5 1 -0.02 -0.01 0.01 0.02

0
v, [km/s] v, [km/s]

Fig. 10. Velocity dispersion at 2 weeks from luimgection,r-h plane.

The figures were generated with=5 km ande, = 10 m/s and represent only the projection of the
corridor on the r-h plane. Similar figures can Ibéamed by projecting the corridor on the r-t plane

The trajectories corresponding to the curl will meach the WSB region and do not represent
feasible transfers. Furthermore, it is importanhtde how the corridor tends to get thinner in the
normal and transversal directions while it seemstitetch along the radial direction. Based on the
propagation of the corridor, and considering thguneed accuracy of position and velocity at the

farthest point from the Earth, along the transfajettory, it was possible to derive the orbit

determination accuracy reported in Table 1.

Table 1. Orbit determination accuracy requiremean® weeks frontiyjection

Position Velocity

25 km radial (range) 5 m/s radial (range rate)
10 km along track 1 m/s out of plane

10 km out of plane 1 m/s along track




Proposed Navigation Strategy

The corridor analysis also provides a way to defimebust navigation strategy. The main idea is to
manoeuvre and maintain ESMO within the corridothwahough margin to accommodate the orbit
determination errors. A number of Trajectory Coti@t Manoeuvres (TCM) needs to be inserted
along the transfer, intermingled by orbit deterrima segments. After each orbit determination
segment, a TCM is performed, if required. The odetermination process in the paper was
simulated using the ODTKpackage. TCM’s are used to ensure ESMO’s posttiod velocity
remains located within the trajectory corridor,dhenabling the correct lunar insertion. The action
of each TCM is to reach the nominal reference ttajg. Here it is proposed an example with four
TCM's along the Earth-WSB leg. The four manoeuaies at minimizing the distance with respect
to the nominal point at the WSB region. It was assd that the first orbit determination occurred
one week after the trans-lunar injection from GT@ ¢éhat the sources of errors are the trans-lunar
injection burn and the typical dispersion errorstlod launcher [2]. The error in the majav
manoeuvres was assumed to be 1 m/s in every dinedtiwas also assumed that each TCM in
itself was affected by an error that must be actufor. This error was assumed to be 0.1 m/s in
every direction. As before, a symmetric interjrad €] around each nominal component of the
was considered and values were sampled, with umiftistribution, from the hypercubjes & °.
The value o was set to 0.1 m/s for the TCM’s and to 1 m/srttagor Av manoeuvres. Each TCM
was assumed to be smaller in magnitude, and thiestedl by a smaller error. It is acknowledged
that these assumptions were only used as a stgtinmg for the first iteration, and so will be
updated in subsequent analyses. Following each Ttbbl,possible outcome of errors in both
position and velocity of ESMO is measured at thet mebit determination point. It was assumed
that this occurs once every three days. The sumildhe TCM’s will lead to an increase in the
missionAv and propellant budget.

The example of navigation strategy proposed in pliger is given in Table 2. This corresponds to
an additional increase afv of 84 m/s, leading to a total missiagtv of 1.1257 km/s. This is
considered nominal, without additional margins.. Hify shows in black the uncontrolled trajectory
and in green the controlled one. The latter hits hquired position at the WSB point with an
accuracy sufficient to remain within the corridor.

Table 2. Example of an Orbit Determination and TSivategy

1st Orbit Determinatio Start: 19/3/2011 05:54:.
End: 22/3/2011 05:54:30

TCM 1 Date :22/03/2011 16:42:4
Av =20.9m/s

2nd Orbit Determination Start: 2/04/2011 12:00:6
End: 5/04/2011 12:00.6

TCM 2 Date: 15/04/2011 20:18:
Av=0.6 m/s

3rd Orbit Determinatio Start: 19/4/2011 06:24:!
End: 22/4/2011 06:24:57

TCM 3 Date: 24/04/2011 5:29:35
Av=0.1m/s

TCM 4 Date :26/04/2011 15:23:47
Av=51.5m/s




This process has only been modelled for the GTO-W&Bsfer, but needs to be extended across
the entire WSB transfer, up to lunar orbit insertidherefore, an additional allocation &% to
perform the TCM’s will have to be considered wittin@ overall missionv budget.

WSB transfer trajectory in the Earth-centred Earth equatorial system

Corrected trajectory (Farth-WSE leq)

Uncorrected trajectory {Earth-WSE leq)

Referance trajectory (WSH-Moon leg)
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Fig. 11. Example of uncontrolled and controlleditsb
3. NEW BASELINE OPTION

In the development of ESMO, mission cost and totass are considered to be critical drivers. This
is reflected in the requirement of a piggy-baclsecondary launch opportunities into GTO and the
extensive use of flight spares and non-space ratedponents (e.g., COTS). This imposes a
constraint on the maximum size of the propellankszand thus on the maximum allowahle[4].

To account for this restriction, several optionsravenvestigated to reduce the total missiton
However, any adjustments in the orbital transfet mar insertion still had to remain compliant to
the mission and system requirements. In partictharifetime of the orbit shall remain six months,
while offering multiple passages at 200 km, or belat periapsis, located at the South Pole. The
requirement on the periapsis altitude derives ftoennarrow angle camera [5].

Initial trade-offs were conducted to assess whtereould be saved. Possible locations included at
launch, at GTO, and at lunar injection. The majodf the missionAv is spent performing the
transfer and the lunar insertion manoeuvre. Howetle transferAv can be only marginally
reduced. It was instead considered that a highergetic and eccentric orbit around the Moon
could lead to a major saving while still fulfillingge mission and scientific requirements.

Changes to the lunar orbit were first made by iasireg the apolune altitude, which allowed ESMO
to enter a higher orbit: values of 10000, 20000 26@00 km were used. All other orbital elements
were kept to the existing baseline, with the ali@wf perigee constrained to 100 km to comply with
the NAC requirement. The higher the apolune alétuthe quicker the orbit decayed. Entering a
10000 km orbit resulted in an orbital lifetime gfpgoximately 4 months, while a 20000 km orbit
decayed after 55 days, and a 56000 km orbit decayedr 30 days.

Since this analysis did not result in a stable tdidn six months, the authors explored the relative
benefits of utilising a family of frozen orbits amad the Moon. Frozen orbits offer stable liberation
with no long-term, large scale variation in inclioa, eccentricity and semi-major axis over a long
period of time [6-8]. This results in a longer dabilifetime and minimises and/or eliminates the

8



need for additional station keeping and orbit cgnmmanoeuvres, therefore reducing the (and
associated propellant mass) needed to reach amdaimaihe selected orbital configuration.

Frozen orbits only occur under fixed conditionsanfument of periapsiso(= 90° or 270°) and
inclination § > 39.2°) [6,8]. The argument of periluae= 270° was selected to comply with the
mission requirements offering perilune over thetBdeple. The stability of three different families
of frozen orbits was evaluated (see Table 3).

Table 3. Families of Frozen Orbits

Orbital Parameter Case 1 Case 2 Case 3
a 6542 km 13084 km 6808 km
e 0.60 0.80 0.73
i 56.2° 56.2° 56.2°
Q 104.99° 103.63° 98.27°
) 270° 270° 270°
M 349.36° 345.51° 332.92°
tinsertion 56082.5799 MJD 56082.5799 MJD 56082.55082 MJD

In the tablea is the semi-major axig the eccentricityj the inclination,Q the right ascension of
the ascending node (RAANJythe argument of the perilun® the mean motion anthserion the
epoch of the injection manoeuvre. Each orbit isnath higher values of eccentricity and semi-
major axis than ESMOQ’s previous baseline lunartofr each new case, the WSB transfer was re-
iterated. This resulted in changes in the orbit'sertion date, right ascension of ascending node
(RAAN), and mean motion.

The stability of the frozen orbits was tested bygagating the initial orbital elements with STK. It
was assumed that the spacecraft was subject tmhibenogeneous gravity field of the Moon and
the 3 body effect of Earth and Sun. The Moon’s grawvitasil force was modelled with the data
gained from the Lunar Prospector Orbiter [10]. Fhasitivity to the degree and order of the gravity
field model was initially assessed by running STihv20 and 60 zonal harmonic coefficients. This
variation had no significant effect on the finabibal elements. Therefore, all later simulationsave
run using a 20th degree and 20th order gravitationadel. However, since the existing
gravitational models of the Moon have a degree mteuainty, there may be some unknown
discrepancy between the simulated evolution ofideplerian elements and the experienced in-situ
environment. Each simulation was run for six months

All three cases provided an operationally stableitoHowever, Case 3 was the only orbit that
adhered with the NAC requirement for the entire signths. Case 1 only offered low periline
altitudes at the end of the mission, from day 1Awards. Case 2 did not comply with the NAC
requirement, although Case 2 did offer a suffidjeldwer missionAv of 0.855 km/s. There is a

trade-off between the cumulative saving &¥, altitude of perilune and mission lifetime. A
comparison between the three cases in given ireTéabl

Table 4. Characteristics of the Three FamiliesrozEn Orbits

Case 1 Case 2 Case 3
Stable Orbit Yes Yes Yes
Compliant with NAC From day 145 onwards No Yes, throughout theenti
resolution requirement mission duration
Mission Av (km/s) 0.947 0.85¢ 0.94¢




It is because Case 2 is a highly eccentric orlith & large semi-major axis that it has the beraffit
offering a low insertiomv, while still maintaining an orbital lifetime. Theduction inAv has a
cumulative effect in reducing the required massaidme of propellant. Due to this substantially
lower Av, Case 2 was selected for further analysis. Duhegrade-off process, the missian was
considered to be far more important than the réisoluequirement of the NAC, however a good
compromise betweefdv cost and image resolution can be obtained withgatly lower altitude
frozen orbit. The lower altitude orbit was obtairstdrting from Case 2 and progressively reducing
the semi-major axis in steps of 500 km. For eaep,ghe variation in orbital lifetime was assessed
against the missioAv.

During this analysis, it was discovered that thees sensitivities to the orbital injection RAAN.
Values below 100° resulted in the faster decayefdrbit with a reduction in the semi-major axis.
This seems to be a characteristic of using highigtieal frozen orbits. The progressive reduction
of the semi-major axis of Case 2 lead to the idieation of a stable frozen orbit with a good
compromise between altitude afA# cost. The orbital elements a@:= 10084 km,e = 0.8,i =
56.2°,Q = 103.63°w = 270°, andVl = 345.51°. This orbit provides coverage at a Idtwude of
perilune for approximately 55 days. This complieghwhe NAC coverage, although at all other
times the altitude of perilune is varying (see ®ab). This has the benefit of offering additional
flexibility in the operations of the NAC. Also oiote, towards the end of the mission at day 170,
there is the option to end the mission which béséfom the low altitude of perilune (37.92 km). A
forced de-orbiting manoeuvre has an estimatedf 0.021 km/s, lowering the perilune down to the
lunar surface. If not, the perilune of the orbitllwiaturally increase, allowing for a possible
extension of the mission. This compiles with theatemissioning and de-orbiting requirement [5].

The WSB transfer had to be partially redesignedmiaich the new orbit around the Moon.
Furthermore, the spacecraft would initially ingatb a much higher, more eccentric orbit. This has
the following characteristic&t = 13084 kmge = 0.8,i = 56.2°,Q = 103.63°w = 270°,M = 345.51°
and tinsertior= 4th July 2012 13.55.03 UTCG. This orbit combirtee benefits of the frozen
characteristics with a low insertigxv. Following which, a first burn is used to loweetperilune
and a second burn is required to lower the apollhese manoeuvres would reduce the semi-major
axis by 3000 kmg = 10084 km), with an additionalv cost of 47.2 m/s. Despite having to perform
an additional burn, the proposed transfer offemissionAv savings of 0.214 km/s. The lifetime of
the orbit around the Moon can be seen in Table Brevlthe altitude of the perilune is reported
against the mission time. A full comparison of tté and new baseline transfers are given in Table
6. The new frozen orbit around the Moon allows $pacecraft to complete the transfer and the
lunar orbit insertion with a totalv of 0.902 km/s. This is under the 1 km/s requirenm@posed by
the availableAv from the propulsion system. However, the valueO&02 km/s is considered
nominal, and so does not include any margins or 'BClVhis shall be added in later work.

Table 5. Perilune lifetime for the new baselineitoabound the Moon

T + (days) Altitude of Perilune| Argument of Perilung  Inclination (deg) Eccentricity
(km) (deg)

6 106.41207 267.76¢ 55.46¢ 0.816841
34 366.03908 275.19¢ 56.17¢ 0.79074.
61 796.39511 276.89¢ 58.31: 0.74758
88 1105.72524 273.28 59.85: 0.71691.
89 1162.78750 273.07: 60.01¢ 0.71218!
11€ 1002.67997 267.70: 60.20! 0.72825.
14z 477.76293 266.28: 59.50¢ 0.78031:
17¢ 37.91977 271.26¢ 59.56! 0.82377
18z 167.75620 274.11: 60.75- 0.81088!
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Table 6. Characteristics of the baseline trarefer the new proposed baseline transfer

WSB Transfer Comparisi Baseline New Transfer to HE Ort
Total Av (plus additional orbit transfer at Moon) [m: | 1116.2¢ 854.85+47.2 = 902.(
Av at Earth [m/s] (nominal esca| 7470 748.2¢
Av at WSB [m/s] (matching manoeuv 71.0Z 34.1¢€
Av at Moon [m/s] (plus additional orbit transf 297.5% 72.45+47..
Departure Dal [UTCG] 25/02/2012 14:3 25/02/2012 19:C
Time of flight Eart-WSB [days 40.8: 40.7¢
Time of flight WSE-Moon [days 60.31 59.0¢
Total time of flight [days 101.1: 99.8¢
Arrival Date [UTCG 05/06/2012 17:3 04/06/2012 15:1
Arrival Orbit: sem-major &is [km] 358¢ 1008¢
Arrival Orbit: eccentricit 0.487¢ 0.8
Arrival Orbit: inclination [deg 89.¢ 56.2

The final orbit was then assessed in terms ofribsiigd station characteristics and eclipse duration.
During LEOP, the first ground station is Kouroulldwing which nominal access is achieved
through the Villafranca access point. Villafrancayides ground station access time during both
stages of the WSB transfer, up to and includingtwrbital insertion.

Because of the thrust level delivered by the ergyared the need to reduce the error in the mgjor
manoeuvres, the trans-lunar injection manoeuvre sy in a number of intermediate burns.
Similarly, at the Moon, the orbit insertion manosuwas decomposed into a few smaller size
burns. This Multi-burn Strategy (MBS) is similar the one proposed in [3]. MBS avoids
performing a single manoeuvre with a higgh and, of most significance, complies with the ldunc
date flexibility requirement. The latter requirerh@&ngiven in [5]. Each WSB transfer opportunity
occurs roughly once-a-month, and therefore, depgnain the exact launch date, ESMO may have
to spend some additional days in an Earth parkibg.cA RAAN change may also be required as
the orbit drifts due to the inhomogeneous gravigydfof the Earth and to luni-solar perturbations.
A worst case delay of 30 days was considered ferdéfinition of the MBS. The trans-lunar
injection manoeuvre was split into four separatenoeavres. The first two are of similarly large
magnitude. This is to raise the apogee of the GAi@r the second burn there is a wait time of 28
days, following which a small apogee manoeuvresi$gpmed. The last burn inserts ESMO into the
WSB trajectory.

The MBS adds 47.2 m/s to the total cost of thesfiemcompared to a single direct injection burn
from GTO into the WSB transfer. The increase is ttuthe perturbing effect of atmospheric drag,
J2 and 3rd body effects. However, utilising a MBfis higher launch date flexibility, a reduction
of the gravity losses per manoeuvre and an expeetaction of the navigatioAv. This is in
comparison to the small rise Av. Table 7 contains a full comparison between taesfer with and
without MBS at the Earth and at the Moon. The MB&a Moon brings the spacecraft to the orbit
with a = 13084 km. An additional 47r8/s are then required to acquire the desired tiparational
orbit. Hence, the total cost of the new soluti®®49.3 m/s against the nominal 1116.29 m/s of the
previous baseline, leading to a gain of about 167 m

The complete transfer is represented in Figs. I21ah In particular Fig. 13 shows a detail of the
multi-burn strategy at the Earth with the spiraptogressively increase the apogee.
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Table 7. Comparison between Direct transfer armhdfer with Multi-burn strategy.

Transfer with Muli-burn strategy and launcher orbit insertion at T0984294 MJD200:

Earth manoeuvres WSB Moon manoeuvres
Manoeuvre Total
1 2 3 4 5 6 7
AT [days] 0.438 1.184 27.956 0.420 40.759 59.079 03.5 1133.341
T [MJD2000] | 4408.73 4409.916 4437.87 4438.2D 449DP.0| 4538.123 | 4541.407
Av [km/s] 0.39348 0.23288 0.02223 0.14428 0.03416 05®78 0.01829 0.9021
Direct transfer:
Manoeuvre Earth escape WSB Lunar Orbit insertipn talTo
AT [days] 0 40.756 59.083 99.839
T [MJD2000] | 4438.294 4479.051 4538.133
Av [km/s] 0.74825 0.03416 0.07245 0.85486
. —— Earth spirals
Complete ESMO Trajectory WSB-Trajectory
—— Moon spirals
X 16 - — —Moon Orbit

x 10°

O Moon position at launch
<) Moon position at arrival

x [km]

Fig. 12. Plot of the new baseline transfer with tdburn strategy.
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x 10°
Fig. 13. Plot of the Earth spirals occurring durthg Multi-burn strategy.
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4. FINAL REMARKS

The paper presented a first analysis of the orbkiemination requirements and a possible
navigation strategy for the European Student Moabit€r. The proposed corridor-targeting
approach yields good results at a relatively fomcost and with mild orbit determination accuracy.
Therefore, the approach seems to be ideal for d smssion with lowAv budget. Note that the
navigation analysis presented in this paper isdasea baseline transfer with a major trans-lunar
injection manoeuvre. The MBS, by fractioning thaarmoeuvre, will lead to a reduction of the
magnitude of the TCM’s. Furthermore, the currer@nping and scheduling of the TCM’s is not
optimised. Future work will address the optimisatiof the TCM’s and an orbit determination
process tailored on this small satellite. Finallge combination of WSB transfer and highly
eccentric frozen orbits provides a viable solufanrelatively low-thrust, low-Isp missions.
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