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Abstract

This bachelor thesianalyseshe A y Tt dzZSy OS Ravity feld dnwdhdzNmbBitoa the Mercury
Planetary Orbiter (MPO) which is the part of the Europ@apanese mission BepiColombo launched

in October 2018. The gravity field of Mercury was determined fradio tracking data of the NA! Qa
spacecraft MESSENGER which was orbiting the planet until 2015. Due to the highly eccentric orbit of
MESSENGER, the calculated gravitational harmonic coefficients are afflicted with uncertainties.
Therefore, the orbital evolution of MPO is predictalet with some inaccuracy. For this reason,
different plausible gravity fields were generated using a Monte Carlo Methdte generation of the
random gravity fields was performed using the gravitational coefficiapt$o degree and order of

100 and their uncertainies, which were determinely MESSENGHPor that,a function based on
Gaussian distributionwas used This function was implemented in a numerical orbit integrator
developed by DLR, Berlin. Furthermore, scale factors 1, 3, 5 and 10 were used fotiggrieea
gravity fields.

Before performing the simulations for orbital prediction of MPO, the boundary conditions were
determined. The number of the simulations was set to 10,000 per scale factor, the degree and order
of the gravity field was limited to® Thetime frame of the mission was set to 2 Earth years, which
covers the nominal and the extended mission phasés.distribution of some important harmonic
coefficients was checked and tlmpact of the gravitational and negravitational forces affaing

the motion of MPO was determined. As expected, the main accelerations are caused by the gravity
field of Mercury, followed by the gravity force of the Sun. The third and fourth disturbing forces are
the solar radiation pressure and indirect radiatijpressure. The smallest perturbations are caused by
the remaining solar system bodies.

The simulations of the orbital evolution of MPO were performed using the generated gravity fields of
Mercury with the scalefactors 1, 3, 5and 10 The results of the simulations were analyzand
compared with each other. The evolution of the orbit of MPO is expressed in the orbital elements.
The analysis is mainly focused on the periherm as the minimal distance to the surface of Mercury is
critical for the mission. The results show that theopotential of Mercury causes an increase in the
eccentricity and a decrease in the periherm altitude. The seajor axis and the inclination have a
periodic character but remain almost constant. The longitude of ascending node decreases slowly
with periodic fluctuations. The argument of periapsis falls almost linear. The standard deviations, as
well as the difference between the minimal and maximal values get larger with a growing scale factor
and over time. The values of the elements are still in areptedble range after the first year. The
change in the periherm after 2 years cowllieady be considered as critical in some cases for the
scale factor 1 because the periherm falls below critical value of 200 km. Moreover, the likelihood that
the perihermis below 200 km after 2 years increases with the rising scale factor. Furthermore, there
is a possibility that the satellite collides with the planet in the simulations for the scale factor 5 and
10.

The influence of the harmonic coefficients, 0 and 0 on the longitude of ascending node,
argument of periapsis and the eccentricity was investigated analytically which allows for an
estimation of the effect of these coefficients, assuming the linear tendency.

In addition, the influace d the gravity of the Sun was investigated. The results show that the Sun
has positive effect on the evolution of the perinerm after 2 years. Taking into aceo®NI dzNE Q &
gravity field, the gravity of the Sun, radiation pressure and the solar systeiled) the results of the
simulations are very similar to the case with the consideration of the geopotential of Mercury and of
the Sun. Thughe orbital evolution of MPO in mainly affected by the grawityiercury and the &n.



Zusammenfassung

Die vorlegende Bachelorarbetintersucht die Auswirkungen des Schwerefeldes des Merkurs auf die
Umlaufbahn des Mercury Planetary Orbiters (MPOs). Der MPO ist Teil der eurgpgicischen
Mission BepiColombo, die im Oktober 2018 startete. Das Schwerefeld vdcuMeurde durch die

b! {! Qa aAadaaizy a9{{9bD9w @SN¥SaaSys: ¢SWeéeS RSy
der hoch elliptischen Umlaufbahn von MESSENGER sind diézi€otfh der Multipolentwicklung

des Schwerefeldes mit Fehlern behaftS&omit ist dieBahnentwicklung des MPOs nicht eindeutig
vorhersagbar. Aus diesem Grund wurden verschiedene mdgliche Schwerefelder mit einer Monte
Carlo Methode erzeugt. Zur Erzeugung der zufélligen Schwerefelder wurden die Koeffizienten des
von MESSENGER bestimmten 100x Schwerefeldes und deren Unsicherheiten verwendet. Die
daflr verwendete normalverteilte Funktion, wurde in einen nummerischen Integrator implementiert,
der am DLR Berlin entwickelt und fiir den durchgefuhrten Simulationen benutzt wurde. AulRerdem
wurden Ealierungsfaktoren von 1, 3, 5 und 10 fur die Erzeugung der Schwerefelder genutzt.

Vor der Durchfihrung der Simulationen fur die Bahnbestimmung von MPO wurden zuerst die
Randbedingungen bestimmt. Die Anzahl an Simulationen wurde auf Grund der Berechmengsda
auf 10000 festgelegt. Grad und Ordnung des Schwerefeldes wurden ebenfalls auf Grund der
Berechnungsdauer und der geringen Relevanz der hoheren Terme auf 50 begrenzt. Die
Missionsdauer wurde auf 2 Erdenjahre festgelegt, da dieser Zeitraum die nomimdlerweiterte
Mission abdeckt. Die Verteilung von relevanten Koeffizienten wurde tberprift und der Einfluss von
gravitativen sowie nicht gravitativen Kraften bestimmt. Wie erwartet werden die grofdten
Storbeschleunigungen durch das Schwerefeld des Merlagtsdurch die Sonne verursacht. Weitere
relevante Storbeschleunigungen sind der Sonnenstrahlungsdruck und der indirekte Strahlungsdruck.
Die kleinesten Stérungen werden durch die Planeten des Sonnensystems verursacht.

Mit den verschiedenen Schwerefelderroriaten dann die Simulationen der Bahnentwicklung
durchgefiihrt und die Auswirkungen der einzelnen Skalierungsfaktoren analysiert und miteinander
verglichen werden.

Die Bahnentwicklung wird in dieser Arbeit mit Bahnelementen beschrieben. Der Schwerpunkt der
Analyse liegt dabei auf dem Periherm. Die Ergebnisse zeigen, dass das Geopotential von Merkur
einen Anstieg der Exzentrizitdt und somit einen Abfall des Periherms verursacht. Die groRe Halbachse
und die Inklination haben einen periodischen Charakterpkleiaber nahezu konstant. Die Lange des
aufsteigenden Knoten sinkt langsam mit periodischen Oszillationen. Das Argument der Periapsis fallt
nahezu linear. Die Standardabweichungen, sowie die Differenz zwischen den maximalen und
minimalen Werten werden bregr mit steigendem Skalierungsfaktor und zunehmender Zeit. Die
Werte der Bahnelemente liegen nach einem Jahr im Orbit in einem unkritischen Be¥eich.2

Jahren fallt das Periherm selbst bei einem Skalierungsfaktor von 1 in einigen Féllen allerdings scho
unter den kritischen Wert von 200 km. Dieses Risiko nimmt mit steigendem Skalierungsfaktor zu.
DarlUber hinaus ist es sogar moglich, dass die Raumsonde mit dem Planeten kollidiert, was in den
Simulationen ab Skalierungsfaktor 5 teilweise aufgetreten ist.

Der Einfluss der Koeffizientan, 0 and 0 auf die Lange des aufsteigenden Knoten, das Argument
der Periapsis und die Exzentrizitdt wurde analytisch untersucht. Diese Analyse dient nur zur
Einschatzung des Effekts der Koeffizienten, ausgehend von einer linearen Tendenz.

Zwséatzlich wurde der Einfluss der Gravitation der Sonne untersucht. Die Ergebnisse zeigen, dass die
Sonne in allen Féllen einen positiven Effekt auf die Entwicklung des Periherms hat. Darliber hinaus
wurde eine Untersuchung uber den Einfluss des Strahlungkdrisowie die Planeten des



Sonnensystems durchgefuhrt. Die Ergebnisse zeigen, dass die Umlaufbahnentwicklung des MPOs
hauptsachlich vom Schwerefeld des Merkurs und durch die Gravitationskraft der Sonne beeinflusst

wird. Der Strahlungsdruck und die Planetdes Sonnensystems haben einen vernachlassigbaren
Effekt.
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1. Introduction

Mercury is the innermost and smallest planet in the Solar Systhithis difficult to explore because

it is very close to the Sun. The first mission to Mercury was Mariner Nabgnal Aeronautics and
Space AdministratioNASA). During the tee flybys of the planet, 45 per cent of the surface area
was mapped and the first measured values for the gravity field as wédiraBe magnetic field of
Mercury were provided.

MESSENGER was the second NWAiS#ion that succeeded to research the plarfeom a high
elliptical polar Mercury orbit. MESSENGER was able to carry out global mapping, analysis of the
interior structure and othe polar caps, as well d8 explore the exosphere and the magnetosphere.
MercunyQ gravity field was determined fronadio tracking data of the three Mercury flybys in 2008

and 2009 and orbital observation between 2011 and 2015. This data serves as foundation for this
bachelor thesis.

However, there were questions letit be answered by MESSENGER. Therefore, the EurQpeee

Agency (ESA) and the Japan Aerospace Exploration Agency (JAXA) decided to join forces and sent the
space mission BepiColombo to Mercury. The Mission started with the Asianeket on October 20,

2018. BepiColombo will swing into the Mercury orditer flybys of Earth, Venus and Mercury in

2025. BepiColombo consists of two spacecrafts: Mieecury Planetary Orbiter (MPQ)y ESA, and

the Mercury Magnetospheric Orbiter (MM@Yy JAXA.

BepiColombo will investigate planet characteristics, the comjprséind dynamics of the exosphere,

the structure and origin of the magnetic field of Mercury. The objectives of MPO are surface mapping
and the exploration of the interior composition of the planet. The aim of MMO is to research the
magnetic field and it;teraction with the Solar wind.

The MPO carries a payload of 11 science instruments, i.a. Laser Altimeter BELA, developed by
German Aerospace Center Adlershof (Deusches Zentrum firangftRaumfahrt, abbreviated DLR).

A low polar orbit is planned fohe MPO, one that will change because of different perturbations.

The major orbit perturbations will be caused by the gravitational potential of Mercury. By means of
MESSENGER gathering data, a model of the gravity field was determined.

The objective of tts bachelor thesis is the investigationtbhe consequences of the gravity field of
aSNDdzNE 2y (KS 2NDBAG 2F athod {AyOS GKS 3INFrgAGe
harmonic coefficients are afflicted with uncertainties. Therefore, tibital evolution of MPO is
predictable, but with some inaccuracies. Within the framework of this bachelor thesis, different
possible gravity fields wergeneratd whichlie within the margin of error of the gravity field,
obtained by MESSENGER. The plessitnsequences on the orbital evolution of MR@re defined

and analysed using a Monte Carlo Method. The analysis may help improving future predictions made
about the evolution of MPO. It could also assist in estimating the possible operating time.
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2. Mercury

Mercury is the innermost planet in the solar system which is locked with the Sun in a 3@ lsipin

resonance. It means that Mercury rotates on its axis three times during the two revolutions around

the Sun [Stark, 2015]. The rotation of Mercumpaunts to 58.646 Earth days [Mazariebal,, 2014]

with rotational rate of6.1385 per day Prchinal et al., 208> ¢ KSNBFa 2y S a SNIdzN]
87.969 Earth dayfMazaricoet al, 2014]. Asa consequence of the 3:2 sporbit resonance, the

Mercury dg, which is defined as the time between successive sunrises, is twice longer than the
aSNOdzNE Qa &St WdaOW2 NRENE I 2yhfip&@GA2y OFy 065 SELX |
FA28YYSGNRO Yl ada RAAGNAOdzOAZ2Y dows aahygCetiptidakorbito { G I NJ
with the eccentricity of 0.206 [Tresa@i al> HAMYy 8 ® C¢KSNBFTF2NBEZI GKS RATFT
perihelion (the closest point to the Sun) and aphelion (the farthest pamtarge The distance at

perihelion accounts f00.31 AU from the Sun, but at aphelion, it is 0.47 AU [Strom, 1987], the semi

major axis is 56.7 million km [Stark, 2015]. The inclination of the orbit of Mercury amounts to 7° to

GKS SOtALWGAO LXFYS oLXIyYyS 2F 9l D K@accodmMsbidrii VX &
2.036+£0.058 arcminutes [Mardgeet al., 2017]

Mercury is the smallest terrestrial planet in the solar system which like Venus has no moons. Its

mean radius amounts to 2439.36-4.02 km [Pernet al, 2015] which is a little biggehan the

mean radius of thed | NIM&oR &vith 1734.4 km [Williamst al, 2017]. The mass of the planet

accounts for 3.30111 49.0001510% kg [MargotS G | £ ®3 W n M T derBity & Grividadadsl Q& 0 dz
high with 5,429.30 +/0.28 kg/ntl Y R &AYAf I NJ G2 G KS 3calthbuighiite sizedA ( K

the both planets is different [Margot et al., 2017]. The explanation of the higiompressed density

2F GKS LXFySG tASa Ay | f£FNBS O2NB Ffyvyzad R2YAY!
f A3KG StSYySyidaé ol dO] SiG fodX unmo8 adzOK | a
represented as a-dhell model in Wich there are inner solid core, outer liquid core with the radius

of 1,985+£39 km, mantle and crust [Genova et al, 2018] (Sipirel).

;
Y

Figurel.a SNOdzZNE Q& Ay G SNR 2N &0 NHzOG dzNB «wDSy2@F Si |

Mercury isheavily cratered planet. The Caloris basin is one of the largest impact basins on Mercury
with the diameter of 1,550 km. The planet also demonstrates an effusive volcanism based on
extensive lava flows [Rothery, 2015].

Mercury like Earth possesseslargescale magetic field [Johnson et al., 2@1 with a north-south
asymmetry [Rothery, 2015]. The planet presents a dipolar internal field of dynamo origin with the
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same polarity as Eark Qa FTA St R wW2K ¥ KBy a8 NBly 3 d ¥ maygFaticdicddND dzNE Q
I 0O02dzyia F2NJ Fo2dzi m 2 2F (GKS 9FNIKQad ¢KS Y3y
GKS 9FNIKQa 0SOldzaS 2F KAIK & Dk mdideni fohmdsonleiNdl & & dzNB
2013.

aSNOdzNE Kl a y2 |faco22adeykioNSE  SHH2(a LS g KA OK O2y i
Y3y SaAadzys LRG0l aaAdzy 2Ee3Sys Ke&RNPRIZPtiney R KSt A
aYFEESN GKIY (GKS 9IKBKQHE YREYKSINKONBINBSERAMNSE | G |
approximatelyonly 10°2 ¥ (i K S The terNdér&t@eioM the surface of Mercury varies very strong

and is between 100 K on night side and 700 K on the sunward side [Rothery, 2015].

The exploration of Mercury is important for understanding of formation and evolutb other

terrestrial planets in our Solar System [Kato et al., 2012], but the investigation of this planet is very
challenging. At first, it is difficult to observe the planet telescopically and to photograph it from the

9 NIK RdzS (2 GRS NO2aNERBTASOI X o0MAds | yRet@f 2aS LN
2015]. Secondly, it is hard to orbit the planet by space probe due to gravitational potential of the

Sun. Thirdly, the thermal environment, consisting of increased solar radiance ancéhmal

radiation from the planet, is hostilBglogh et al., 2007 For this reason, only two spacecraft visited

the planet: Mariner 10, which performed three flybys of Mercury, and MESSENGER which was
orbiting the planet between 2011 and 2015 after thrélgbys of Mercury. The third mission,
BepiColombo is on the way to Mercury and will swing into the orbit approximately in 2025.
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3. Missions to Mercury

3.1. Mariner 10

The first spacecraft to visit Mercury was Mariner 10 led by NASA. It was launched embén\3,

1973 by an Atlas/Centaur rocket with seven scientific instruments on board. Mariner 10 was the first
spacecraftto use gravity-assist forspeedreduction and for changing the trajectory without using
valuable fuel [Strom, 1987]. It had three flybground Mercury in March and September 1974 and
March 1975 [Rothery, 2015]. During the encounters with the planet, the space probe suddaede
mapping thesurface area covered heavily tivicraters. The obtained datgave new information

about the originof the magnetic fieldvhichA & G A Y G SNy I f £ & 3ISYSNI 4GSR FyR 3
FTASE Ré,@198Pp Thé F Yheasurements of thew-degree gravity were also provided The
gravitational coefficienGM and the gravitational harmonic coefficiets andd were estimated
[Mazaricoet al, 2014]. The radius and the mass of Mercury were measured more accuitaaely

G LINaBs@Barthd I & SR RS (i S [Sivoy 1987 Fuyftheémore, the probe was able to
determine that Mercury has no atmospieebut possesseand SE 2 & LIKSNB ¢ @

Mariner 10 provided important information abotite structure,the interior, the gravity field as well
asthe magnetic field of Mercury.

3.2. MESSENGER

¢ KS b MErdur@ Surface, Space ENvironment, GEochemistry, and R&MEIBGENGER) was the

first probeto orbit and Mercury launched on August 3, 2004 on a Delta Il rocket [Rothery, 2015].
MESSENGER carried a payload of seven instruments and radio science [Solomon et al., 2007] which

are listedin Tablel. MLA and RS wethe most relevant for the investigatiod ¥ G KS LJ I ySi Q&
in that they obtained data which allowed for a determination ofa SN dzZNE Qa 3INI GA G {7
rotation and tides [Genova et al., 2018].

Acronym Description

GRNS GammaRay andNeutron Spectrometer

XRS X-Ray Spectrometer

MDIS MercuryDual ImagingSystem

MAG MAGnhetometer

MLA MercuryLaserAltimeter

MASCS Mercury Atmospheric andurfaceCompositionSpectrometer
EPPS EnergeticParticle andPlasmaSpectrometer

RS Radio Science

Tablel. Sientific instruments on boarof MESSENGER [Solomon et al., 2007]

After one Earth flyby in 2005 and two Venus flybys in 2006 and 2007, MESSENGER executed Mercury
flyby 1 and in January and October 2008. Dubioth encounters, MESSENGER succeeded in:

- imaging about 90 % of the planet with & resolution

- mapping the neutrabtom tails of sodium and calciym

- discovering tail structure of exospheric magnesjum

- the first laser ranging

- the obsening the internalmagnetic field of Mercury under different sotasind conditions
etc[McNutt et al., 2010]
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After the third encounter in 2009, 98 % of the planet was imaged, seasonal changes in exosphere
observed and the magnetic field2 Y FTANX SR® @& 9| OK 20F kné af the duifadedoB R & A (
aSNOdNE¢{¢ OW2UKSNBES HAmMpB ®

MESSENGER was inserted into orbit about Mercury in March 2011 [Maziaalco2014]. Its irtial

orbit of 200 kmx 15,200 km was highly eccentric with an orbital period of 12.07 houled to that

the northern hemispherevas mainly coveredyhile the southern pat was poorly studied [Schuster

and Jehn2014]. The mission was set to one Earth year and then extended by four Earth years until it
ran out of fuel and crasheidto the planet in April 2018Rothery, 2015].

During the orbiting of Mercury, MESSENGER mapped the landfornthesdrface topographyf

the planet [ESA 2019a], examined the mineralogy of the surface and content of the exosphere
measured and identified the impact craters, prowtle SPA RSy OS 2F @2t OangAay Ay
RAAO0O2OSNBR (KS @2 dzy/3S aESA 40804, f[McRuft &t>al., 201d], f[RotReryd K2 f f 2
2015] Furthermore, the spacecraft measured the magnetic field and identified its +soukth

asymmetry andexgdored that the magnetosphere of Mercury is remarkatiynamic [Rothery, 2015].

Moreover, thedatagatheredfrom the spacecraft helped to determine accurate values for the radius,

mass, density, moment of inertias well aghe thickness and structure ohe crust ESA2019a].

Thanks to MESSNGERadio tracking data, the gravitational coefficient GM and gravitational
harmonic coefficients irthe degree and order of 10(seeFigure6), together withtheir improved
uncertaintieswere estimated[Mazarico,201§. The gravitational harmonicoefficientsare important

F2N) dzy RSNRAGEFYRAY 3 GKS ai NYzO (-urmBvol@tisn obhaSsNdDatzhifeE Qa A Y
orbit [Mazaricoet al, 2014].

3.3. BepiColombo

BepiColombo ighe third missionto goto Mercury which started with the Ariarg rocket from the
European Spaceport in Kourou on October 20, 2018. The BepiColombo mission is a joint project of
ESA and JAXA which consists of two spacecidfe Mercury Planetary Orbiter (MPO) led by ESA
and the Mercury Magnetic Orbiter (MMO) led by the Institute of Space AstrorsuBicience (ISAS)

at JAXA [ESR01%]. MPO and MMO are transported to Mercury by a Mercury Transfer Module
(MTM) which provides solalectric propulsion and all services téed en route after separation

from the launcher MTM will be jettisoned shortly before Mercury orbit insertion. The MMO
Sunshield and Interface Structure (MOSIF) provides the thermal protection as well as mechanical and
electrical interfaces for MMO. Th&uropean Space Operations Centre (ESOC) in Darmstadt,
Germany, coordinates the mission using the Cebreros 35 m antenna in Spain. Aftengimioginal

orbits, MMO will be operated byhe ISAS/JAXA Sagamihara Space Operation GeniteeECOS will
continue tocoordnate MPO [Rothery, 2015], [ES®1D].

After one Earth flyby, two encounters with Venus and six Mercury flybys, BepiColombo will arrive the
planet in December 202%t which pointMMO will be releasa. MPO will swing into orbit in March
2026. The MMO will have a polar 590 kxl1640 km orbit with a period of about 9.3 hours. The
orbit of MMO will coplanar witlof MPQQ é@rbit. During the missioywhich was set to one Earth year

with a possible extension by one further Earth y@dRO will image and map Mercurywhile MMO

will explore themagnetic environment of the planet and its interactions with the solar WESA
201%].

Sinethere were questions lefio be answered by MESSENGE&piColombo has the following goals:

1 Exploration of the dgin andthe evolution of Mercury close to the Sun;
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1 Research of the interior structure arile composition of the planet, inter alia the size and
the composition of the core;
1 Investigation of the surface geology atine crater history;
1 Examination ofthe composition andhe dynamics othe exosphere;
1 Explorationof the structure andthe dynamics of the magnetosphere and determination of
its origin;
T ¢Sad 2F 9AyaldSAyQa GKS2NER 2F 3ISYSNIf NBfIGAGD)
Examination ofthe composition andhe origin of polar depais;
1 Investigaion of cosmic environment [ES2019].

=

3.4. MPO

As mentioned abovaheat h Qa Y | loyhvestigdtethe shirtace and the interior of Mercury.
In order to achieve the science objectives, MPO has 11 science instruments on boardliarttes
laser dtimeter BELA developed by DLR in AdlersBeflin BELAwill map the global shapandthe
topography of Mercury, determine the tidal deformation of the surface, explothe surface
roughness and albedas well assupport the navigation [LUdicke2019], [Rothery, 2015]The
instruments of MPO are summarizedTiable2.

Acronym Description

BELA BepiColomboLaserAltimeter

ISA Italian Soring Accelerometer

MPOMAG MercuryPlanetaryOrbiter MAGhetometer

MERTIS MErcury Radiometer andThermallnfrared Spectrometer
MGNS MercuryGammaray andNeutron Spectrometer

MIXS MercurylmagingX-ray Spectrometer

MORE MercuryOrbiter Radio-scienceExperiment

PHEBUS Probing ofHermeanExosphereby Ultraviolet Soectroscopy
SERENA Seardh for Exospheridrefilling and Emitted Natural Abundance
SIMBIGSYS  Sectrometer andmagers fotMPOBepiColombdntegratedObservatorySY Sem
SIXS Solar Intensity X-ray and particleSpectrometer

Table2. The instruments on boaaf MPO [ESA c, 2019]

MPO is a threaxis stabilized and nadir pointing spacecraft whisR tN&s€accounts fo 1,150 kg
whereas its payload weight is 80 kg. The spacecraft is insulated by a heat pipes feeding radiator panel
in order to cope with the thamal environment in Mercury orbit [Rothery, 2015]. The thyzsmel

solar array will provide the electrical power of about 1,000 W and there will be a battery capable of
similar support for approximately an hour. The telecommunicatiaresperformed via twofixed in

MPO LowGain Antennas, a steerable Medit@ain Antenna and a steerable HiGlain Antenna. The

rate of data transmission will depend on the EaMlercury distance and the visibility of ground
stations. The downlinked data volume will amount to abd,550 Gbits per year. The principal
Altitude and Orbit Control System comprises Star Trackers, Inertial Measurement Units, Fine Sun
sensors, reaction wheal assemblies, sets eN2#vton hydrazine/MOMB (Mixed Oxides of Nitrogen)
thrusters needed for thechange in velocity, as well as-Meéwton monopropellant thruster for
altitude control am reaction wheel momentum [ES2A01%], [ESA2019], [Rothery, 2019].
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Figure2. MPQin theorbit about Mercury|ESA, 201§)

MPO will havea polar eccentric 480 km 1500 km orbit with a period of about 2.3 Earth ho(sse
Figure2). This orbit will allowor the study the southern hemisphere from low latitude. The detailed
information aboutthe orbit parameterand dmensions of MPO are represendtdelow in Table4,

Table9 and TablelO.
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4. Theoretical background

4.1. Unperturbed orbit

The motion ofa spacecraftunder the space conditias is fundamentally defined by the gravity. The
bSgliz2yQa 3INI@GAGE (¢ Aa (KS a2 dadd azéntralSogdy NE
which can be formulated as:
00 &
: @

Here F denotesthe gravitational force G depicts the univesal gravitational constant with@® X ¢ w

0

T8t T TT w—ut— M is the mass of the central body represents the mass of the satellite anis

the distane between the centres of magkey et al., 2011 This inversesquare law describes the
gravitation attraction of thecentral body in followinga planet, which is considered as a poiliite
mass built up of concentric shell of constant density.

Hence unperturbed motion of the satellite under the influence ofhe force F(equation J with an
assumptionthat the total mass of th@lanetis concentrated in the center of the coordinate system
can bedescribed by the following equation:

"00
i T > (2)

Here, the fractiong »/ i denotes a unit vectopointing from the satellite¢o the center of theplanet
in a nonrotating geocentricoordinate system [Montenbruck and Gill, 2000].

Z

pericentre

-

equatorial plane

satellite’s orbit

Figure3. Angular abital elements of satellite around the central bod$chuster and Jehn, 2414

The equation of the satellite motion is described by a sotifer scalar differential equation which
requires six initial conditions in order to determine the six constahigtegration. These will be the
three components of positioiy &y &) and of velocity§ , 0 , 0 ). A standard way of specifying an
orbit is to use the six orbital elements, 6ot f f SR YSLJX SNDa StSySyidaz
position of the body along it inrainertial reference framdFortesaie et al.,, 2011] The first group
comprises three elements: inclinationongitudeof ascending nod&, and argument of periapsis,
which all three describe the orientation of the orbit with regard to an inertial reference system.
Eccentricitye and senrmajor axisa give information about the type and size of the orbit. The last
element, mearanomalyM, represents the position of the body along the orbit. The angular orbital

Ol f

g K7
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elements of the satellite orbit are shown iRigure 3. The definition of the orbital element is
summarized iMable3.

Orbital elements

S Definition
Acronym Description
a Smi-major axis The mean value of the maximum and minimum distai
of the satellite to the central body.
e Eccenticity Determination of the type of the orbit:
1 Circlewhene = 0;
1 Ellipse when & e <1;
1 Parabolawhene =1;
1 Hyperbolawhen e >.1
[ Inclination Angle of intersection ofthe equatorial plane andhe
alriSttAaisSQa 2NDA
K Longitude of ascendin¢ Angle between Xaxis andhe point on the orbit, at which
node the satellite crosses the equator from south to narth
Argument of periapsis Angle between the direction of the ascending node &
the direction of the perigee.
M Mean anomaly M is defined asM =ni(t ¢ tp) wheren is mean motion anc

tp denotesthe time of perigee passage; it changes
360° during one revolution and increases uniformly w
the time [Montenbruck and Gill, 2000]

Table3d ¢ KS RSTFAYA (KR SeREASI KS &1 6SttAGSQa

4.2. Orbit perturbations

Section4.1 considers unperturbable Kepler orbit elemewith regards to the physics of Newton and
Kepler. These elements remain constant over tiffilee reference frame used by this consideration is
an inertial coordiate system, i.e. nomotating with respect to stars.

Since the realistic disbution of the mass of planets norruniform and aspheric, the equation 2 is
not valid for the realistic consideratianFurthermore, there are additional perturbing forces whic
act on the spacecrafte.g. the gravity forces of additional masses that provide secondary
gravitational field§Fortescue et al., 2011ih case of Mercury orbit, the Sun provides such force.

The equation of motiorfor the spacecraftaround the planet taken into account perturbative
influencecan beformulateddetailed[Damme, 2011
00 .~ - - c -

>i—>>lm>>rn>>ko>>hﬂolb|fo(3)
The first termshows the gravity acceleration due to the central term of the central btuy second
term summarizesthe acceleration caused by the gravity forces of other bodiessidering asa
point-like massThe third term describethe perturbations due to the higher term of the gravity field
of the planet about which the spacecraft orbits. The fourth term repnetsethe influence of the
radiation pressure whickomprises the solar radiation pressutbe thermal radiation pressure and
the albedo of the planet. The fifth term denotes the acceleration because of the atmospheric drags.
The sixth term encompasses tle#fect of the tidal forces on therbit evolution of the spacecraft.
Moreover, themotion of the space probe mdye also affected by the actioaf an onboard thruster
system Furthermore, relativistic effects should be taken into account by phregliction of orhital
evolution of the satellitgMontenbruck and Gill, 2000]
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4.2.1. Geopotential
The force induced by the gravity field of the planet can be expressed as the gradient of a certain

potential U.It is written in terms of the position vectarof the spacecrfi with regards to the central
(4)

planet[Tresaco et al., 2@l:
i Y
()

with
’?’Y _
The potential can be expressed by an arbitrary mass distribution which comprises the sum of the
" { Qi according to
(6)

aLJ OSONJ Fi¢

contributions created by individual mass elem&it
v 0 Qi
I .
Here” 0 demotes the density at somgoint sinside the planetandr-s|A a U KS

from thisplace(seeFigured).

T
- \
(B \F-5s
N _ spacecraft

Figured. The mass element in the geopotent{atlapted from [Montenbruck and Gill, 2000]
The inverse of the distanaanbe expanded in seriexf Legendre polynomials:
P P o .
T - U WwelT )
S| l
. T oorsr t 5 r . .
withr>sandwéri —, wherev 0O is the Legendre polynomial of degree n andenotes the

@8)

angle betweerr ands. The Legendre polynomial is defined as:
0 —— 0 p
O2dzy t SR LRaAGADE

0 O
A
For this consideration, the geographic longiblk = & KA OK A &
the geographic latitud&ofor the position of the spacecraft as well as. and %o for the position of

the mass elemenswill be introducedThe vectosi [andi [are expressedy:
[ G %o &

0 1 wé A 6 i
il w i wéil B ) ir o [ O%oil Q¢ (10)
1 i Q& %o o i "O%e

a
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Using the additiotheorem of Legendre polynomig the Legendre polynomial can be expressed as:

O Geri = C 20 G0 0 Ok GEd _ _ (11

Here 0 is the associated Legendre polynomial of degreand order m, which is defined as
[Montenbruck and Gill, 2000]

0 ©)=p 6  —0 O (12
The symbdi representsthe Kronecker deltavhich isequal 1 form = 0OandO for Y r [Kanla,

2000]

Using eqation 11, the gravity potential of the planet can be described by the following formula:

~
g

Y — —0 0§ Q¥B b _ Y i Q& _ (13)

Here R denotes the average radius of tipéanet, 0 and Y are the geopotential harmonic
O2SFFAOASYla ¢6KAOK RSAONROGS GKS RSLISyRSyOe
coefficients are defined as:

6 =———— —0 % Oéa_ " i Qi (14)
Vo=—— =0 Gk OR_ i Qi (15

In order to make the harmonic coefficients more readaleula, 2000] they are normally used in a
normalized form:

¢ a A
51 — 5 16
° C ¢te p & « A0 19

¢ a A .

— Y
C cte p ¢ a A
The acceleration due to the gravity potential of thmanet, using the normalized harmonic
coefficients, can be rewritten as:

¥ a7

— —0 0¥k Gea_ Y i Q& _ (19)

where0 are the normalized associd Legendre functionswhich are defined afMontenbruck
and Gill, 2000]

. C cte p ¢ dAG

. 19
€ a A (49

2y
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As it can be seen equation13, the gravity potential depends on the universal gravitational constant
G thS LI | y Mia©dradids aadiharmonic coefficient and"Y .

4.2.2. Geopotential coefficients

The gravitational harmonic coefficients and"Y with m = Oare calledzonal coefficients and
independent of the longitud¢Tresaccet al., 20B]. The coefficientsd are usually expressed ly
with 0 =-06 . All"Y vanish because of their definitiofMontenbruck and Gill, 2000]The even
zonal coefficients are symmetric about the equator while the odd kooeefficients are
antisymmetric about the equator and describe the pshape asymmetry of the plan¢tresaco et
al., 20B]. The geopotential coefficients wittn < nare called tesseral coefficientd withm = n
sectorialcoefficientsiMontenbruck andGill, 2000] Theydepend on longitude [Tresaco et al., 3)1

Furthermore, the harmonic coefficiel® is always equal to 1, so the first term in the expansion of
GKS LXFTySGiQa LRGSYGAlFf NBLNBaS ylikemassiéntentiickSy G A | £
and Gill, 200D

Moreover, the coefficienth , which describes the equatorial flatteny of the planet [Verma and
Margot, 2016], plays a key role in the gravity field of Mercury. The coefficiensd 0 show the
non-sphericity of Mercury [Tresaco et al., B)1In particular,u represents the oblateness of the
planet whileb encompasses the NortBouth mass asymmetry (peshape) of MercurjKhanand
Rocchj2018] Some types of the spherical harmonics are presentdelgnreb.

Cz.o C2.2 Cz‘o c:4.0 Cs.o CG.O

Figureb5. Spherical harmonics [Tresadag, 2018



25

5. Dataand methods

5.1. Data used to generate random gravity fields

Generatirg random gravity fields wagserformed using the updated and extended ¥200 gravity
field determined by Erwan Mazarico and his team at NASA GSFC (Goddardrlgec@enter) on
Junel8, 2018 and released by th@eosciences Node of NASRlsnetary Data Systelf’DS) The
gravity field datas based on 7 years of the MESSENGER radio trackinghdaiteedfrom the three
Mercury flybys in 2008 and 200Mpzaricoet al, 2014 and orbital observation between March
2011 and April 2015For the calculatiorof the gravity field, a Kaula rdlef mf—gnu was applied
where L is degree of the gravity fiel@ihe file withdata is represented in binary form and consists of
four binary tables: aheader tablewith descriptive information about the spherical harmonic
coefficients, anames tablewith the names of the coefficients, @efficients table withcoefficient
values anda covariance tablewith the covariance values for the spherical harmonic model
coefficients Mazarico, 201B

The file with the gravity fieldor Mercury was obtained from the binary file by DLR and has a form
represented inFigure6. It consists of a header containing additional information and a list of data
with spherical harmonic coefficients.

The header has eight units:

Referencaadius of Mercury in km, proceeding from sphericity of the planet;

GravittionalcoefficientGM of Mercury in— for a gravity field model;

Uncertainty in gravitationatoefficientGM in— for a gravity field model,

Degree of the gravity field;

Order of the gravity field;

Normalization state thashows whether the harmonic coefficients are normalized or not:
- 0 if coefficients are not normalized;
- 1 if coefficients are normalized;

1 Reference longitude of the spherical harmonic expansion;

1 Reference latitude of the spherical harmonic expansion.

= =4 =4 =4 4 4

The tale of coefficients includes the coefficients for the spherical harmonic mioddegree and
order of 100 The first and the second columns in this table represent the deigidiex m and the
order index n respectively. The next two columns denote the @oefitsé; ,and"Y .

2439.4, 22031.815411154894, ©.000194, 100, 100, 1, 0.0, 0.0

+00

+00

PRAPAPRPPRPWWWWNNNERERO®

PWUNRFPFOWNRONKFOKRO®®

+00

+00

[

00

(SRR

00

-2.2508016774e-05
-9.0596611472e-10

1.2461628084e-05

-4.7542281665e-06
-3.5979709938e-06

9.7183321341e-07
6.1598023107e-07

-5.8611942789%¢e-06

1.7574028585e-06
1.9023082170e-06

-7.6767475950e-07

1.3277903366e-08

0.0000000000e+00
-3.3180545835e-09
8.4039263385e-09
0.0000000000e+00
-2.6539618850e-06
-5.8540636831e-07
1.6582923777e-06
0.0000000000e+00
3.3595555536e-06
2.8140599780e-06
1.4175656777e-06
-3.0832632525e-07

Figure6. An excerpt fronthe file with data for spherical harmonic model of the gravity field for Mercury

1If the data needed for the determination of the spherical harmonic gravity field is not globally distributed, like
in the case of MESSENGER, the us@gepriori constraint is necessarfyor example, in the determination of
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Figure7 A shows the covariance matrix for the gravitational tmanic coefficients up talegree and

order 100. It is represented in 102810201 matrix. Each cell depicts the covariances between the
coefficients beginning wittd  from left to right and from top to bottom and following withy

from the midde of the square. The diagonal comprises the variances, i.e. squared uncertainties in
0 and Y . The dark cells denote weakovariances and the light cells represent strong
covariances. In order to do theovariances lucidly due to largariation of their values, the matrix

was plotted logarithmically on the basis of 10 using absolute valuesvairianceslt can be seen

that the low-degree zonal coefficients are highly correlatiee to the eccentric orbit of MESSENGER
[Mazaricoet al., 201L4].
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Figure7. A) The covariance matrix for the 100x100 gravity field of Mercury; B) The excerpt from the covariance matrix for
the 100x100 gravity field of Mercury

Figure7 Bpresents an excerpt from theovariance matrifor low-degree ofd  (see &ction6.4).

5.2. Datafor input state vector of MPO

The values for input state vector of MPO and its associated mission start date, used in Integrator for
orbit propagation, werdaken fromthe BepiColombo MercurZornerstone Consolidated Rap on
Mission Analysis (CREMApdatedon Junell, 2018.Table4 lists the elements for target orbit of
athod® {AyO0S GKS AYyTF2NNI(A2Y | CREMA tWSbkeyto0°y 2YLl f &

The orbital period of MPO is 2.362 h which means that the satellite will orbit Mercury 10.16 times
per Earth day.

The arrival date in the target orbit is given in MJD2000 time epoch. MJD means Modified Julian Date
and refers toa time frame,defined as the number of days since-01-:2000, 12:00 nootJTC MPO

will presumably arrive the orbit on March 14, 2026 at 15:40:19.2 UTC that corresponds to MJD2000 =
9,569.653 and to J2000 = 826,774,888.3855518 respectively.

The data is puin relation to the inertial Mercury equatorial system (MercurylAU), expressed in J2000
Earth equator system. MercurylAU is defined as follows:

[ON
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- zaxis points in direction of the angular momentum of Mercury with coordindtes
281.0097° andt = 61.4155°, wheree | yR + RSy23S NRIKG | aodSy
respectively [Seidelmangt al., 2007];

- x-axis: intersection between Mercury equator system, meaning orbital plane, and Earth
equator system in J200&han and Rocchi, 26];

- y-axis:®t &, using righthand systemKhan and Rocchi, 20[L8

Parameter Value Unit
Perihermaltitude, hy 480 Q4
Apohermaltitude, ha 1500 Qa4
Semimajor axisa 3430 Qa
Velocity in perihermv, 2.944 &]
'Tl 7
Velocity in apohernwa 2.182 ﬂ"
i
Orbital period T 2.362 Q
Eccentricitye 0.148688 -
Inclination i 90 °
Longitude of ascending node 67.8 °
Argument of periapsis 16 °
Mean anomalyM 0 °
Date (MJD2000) 9569.653 days

Table4. Initial orbitalelements ®MPO in the inertial Mercury equatorisystem (adapted fronkhan and Rocchi, 20[)8

5.3. Thenumericallntegrator

The simulations for the orbital evolution of MPO were performed with numerical Integrator
developed by DLR Adlershof in Berlin. Thiedrator provides the solution for an equation of motion
of a satellite andallows to predict the trajectory othe spacecraft orbiting about a central body or
during the flybysconsideringgravitational andas well ashon-gravitational perturbing forcesThe
Integrator iswritten in program langage Fortran 77 andises the software platform SPIGEee
section 5.4) which provided the data sets called kernels with information abeu. rotation and
shape size of naral bodies, ephemerides, leap seconelx. The Integrator was configured and
controlled using a yhon interface. Furthermore, the Python modules numpy, scipy and matplotlib
were used for the analysis and visualization of the results.

The input state veor in the Integrator carbe keyed as state vector in cartesian coordinatgsuf
a,0, 0, 0) or in orbital elements 4, e,i, KZ .).ZTheastate vector comprises the three
dimensional coordinategy @ &) givenin km and correspnding velocity vectord(, 0 , 0 ) given in
—. The orbital elements contain semmiajor axisa [km], eccentricitye, inclinationi [°], the longitude
of the ascending nod& [°], argument of periapsis [°] and mean anomali [°]. The input state

vector can bespecifiedin three different reference framesl2000, inetial PlanetlAU and bodfyxed
IAUPlanet.Thestep size for outpubhas to be specified

The Integrator allows tancludethe following distubingforces acting on the orbbf the spacecratft:

1. Gravity field and igher terms of the geopotential of the central bqdy

2. Additional perturbing bodies, for example, the Sun, all planets of the Solar system
ading as point masandthe geopotential of one additional bogly

Solar radiabn pressure (SRP)

4. Atmospheric drag

w
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5. Tidal potential,
6. Indirect radiation pressure comprises the thermal radiation pressure and radiation
due to bond albedo of the central body.

The file with gravitationalcoefficient GM andthe harmonic coefficients need® have a specific
structure tobe readable for the program whioclias described insgction5.1). The uncertainties in
GM andd and"Y are not takinginto accountby propagation of the trajectory of the spacecraft
in the Integrator(see Sectio.5).

Note that the spaceraft is considered as massless bo@yly for calculBons including atmospheric
drag and/or SRP, spacecraft masgiven in kgs assumedin thiscase the surfaceo-mass ratio of
the satellite is usé. The orbiter is modelled as a cuboid consisting of six surfacds,i ,i ,i ,i
and with a solar pandl which is always perpendicular to the Sun. The surfacis always nadir
pointing. The areais givenin & and its reflectivityof each surfacés entered in the input file of the
Integrator.

Forthe simulation indirect radiation pressure the thermal radiationand reflected radiation due to
the bond albedd, the central body is assumed assphere Therefore, the visible area of the planet
for the satellite isassumed as a circle that is divided irkaliscree surface segments, smlled
concentric rings and one central caphe rings in turn are divided into surface segmentsvith
i=1> X.Moreover, theparameteré represens the number of additional surface segments in the
outer rings.

The available methodfor solvingthe numerical integration ar&kK4 (Rung&utta method of order
four), RKFB (RungéuttaFehlbergmethod of order five), dop853 (Rundfutta method of order
eight), dlsode (Adam muiitep method of order 12 with a double precision) and dop853 with
projection. Note that the method disode was used for the simulations in this bachelor thesis.

The outpu file with calculated results is returned either as state vectoru§ ¢, 0 , 0 , 0 ) or orbital
elements ( , e, i, KX .) Wherai encompasses the pericentaititude from the centre of the
body. Furthermorethe output reference framecan beeither J2000, planetlAldr IAUplanet. The
accderations due toselected perturbing forces are presented in the output file and can be
summarized and returned in a figure.

See [Dammg201] and [Bahloul2013 for more detailed description of the Integrator.

5.4. SPICE

As mentioned above, the Integratoises theSPICEnformation systemprovided by NAIF NASA's
Navigation and Ancillary Information FaciitgPICcludesdata sets called kernelshichinclude
information to help scientists and engineers design missions, plan scientific observationgsianal
science data and conduct various engineering functions associated with flight prifext, 2019]

Themain eponymous components of the SPICE systempresented inTable5. In addition, there

are alsoimportant data produts of SPICE ndty Of dzZRSR Ay ( KASframe§ keindl FK) | ONZ
compries G A LISOAFAOI GA2ya F2NJ GKS aaz2NIlyYSyd Te¥ NBTS
spacecraft clock (SCla€)dleap second (LSK)YNE dza SR aAy O2y OSNBusthd GAYS
YSI AdNBYSyY G &8 a (diakshape ntodeSkeiBer ®BIKGNRE OIA RSa (KS G KAIK
shape models F2NJ aavYlff ANNBIdzAZ NI & akKlILISR 02RASa &d«l
more uniformly shaped bodies such as Moon, Earfi R a[Actdif 2019]
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Furthermore, the SPICE system provides also a large collection of software called SPICE Toolkit whose
LINAYOALI f O2YLRYySyd Aa I ftAONINE 2F adadzoNRdziAySa
observation geometry paMS G SNE 2F Ay GSNBaid G2 aoOASydGtradasd !
integrated by users into their own programs.

S Spacecraft ephemeris as a function of time (SPK)

P Planet, satellite, comet, asteroid ephemeridand location of bodiegSPK) cettain
physical, dynamical and cartographic constantdfadies(PCK)

I Instrumentinformation about descriptive datao the geometric aspects of a particul
scientific instrumente.g.field-of-view size, shape and orientation parameter (IK)

C Orientation informationwith I G NJ YA T2 NXY | G-AR Y NXOEE £ SRH
time-tagged pointing (orientation) angles for a spacecraft bus or spacecraft stru
(CK)

E Events information, summarizing mission activitidsich is contained in the SPICE

kernel file secomprisingthree components: Science Plans, Sequences, and Notes

Table5. SPICE system components [Acton, 2019]

Themost relevantkernelk usedin the simulations are depicted ihable6.

Name of kernel Description of kernel

pck00010.tpc Orientation and size/shape data for natur
bodies

de432s.bsp SPKKernel providing ephemerides for the
planetsand satellites

naif0012.tls Leap seconds;

gm_de431.tpc Massparameterto planets and satellites

Table6. Description othe most relevankernels sed inthe simulations

5.5. Generatingrandom gravity fields

As described imsection 5.3, the IntegratorR 2 S & y Qtfie uaideriagies of the gravitational
coefficient GM and as well as in gravitational harmonic coefficights and Y into account In

order to take these uncertainties o account,it wasdecided to generategandom gravity fields on
the basis of thel00x100 gravity fielavith nominal values for GMj and"Y andtheir associated
uncertainties.

In order b check as manyariationsas possibleit wasdecided to se the Monte Carlo Method (see
section 6.5) and geerate random gravity fieldsvhich lie within the margin of error of 100X100
gravity field using covariance matrix for uncertainties. These random gravity fields were generated
usingthe functionNJ Y R2 Y Y dzt (i A @hidhdvds iinSlemgrdetildd thé @dss Geopotential

into the Integrator This functionrepresents Gaussion distributicas a generalization of the one
dimensional normal distribution to higher dimensidiifie SciPy community2018] Thedistribution

is specified by itmominal values for GMO and”Y and covariance matrix. Furthermore, this
function has a parameter ¢epictingthe number of generatingields ¢ K S 2 LJi dvaagusedtd S S R
assurethe fixing random state for reproducibilityf the gravity fieldsTherefore, theparameter scale

factor wasintegrated in this functo® ¢ KS aOF S FIF O02NJ A& dzadz ffe& dzi
SadAYH(8a F2NJ GKS [Makhrigoetint 20%4) Bhé ale GEBRFuGNCS v ( & ¢
with the standard deviatior) that waslimited to 5, to avoid the generating extremand unrealistic

fields
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Note that the geneation of GM and coefficients was executed separately,viihout correlations
between each other.

Table7 represensthe summary of themainparametess usedfor generatingthe gravity fields.

Description of parameter Value
Number of generating gravity fields per scale factor 10000
bdzYo6SNJ 2F dzaAy3d adaSSRé 1

+ £dzS§ 2F OK2aSy &aaSSR¢ 7

Scale factors 1,3,5,10
Limit for standard deviadins 5,

Table7. Parameter used byé generating random gravity fields.
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6. Determination of boundary conditiongor simulations

Before performing the simulations for orbital prediction of MP®@e tboundary conditins were
determined whichare presented in this section.

6.1. Number of simulations

Sincea Monte Carlo Methodwas decided to use for the simulations, the number of the attempts
have to belarge enougho allow the statisticabonsideration On the other handthe limited time
and resources hd to be considered.As a compromisethe number of the simulations waset to
10,000(see next section)

6.2. Time duration of the simulations

In order to estimate the time needed for the simulatiotise orbital evolution vas simulated for one
gravity fieldwith different degrees and orders, output time steps and mission duration. The degree
and order were taken from 0 to 100he output time step was set to 60 s an@® s. The orbital
evolution was simulated over 1 yeanc 2 years. Figure8 demonstrates the time duration of one
simulation considering different conditions. It can be seen, that the time duration grows exponential
with the increasing degree and order,inig mission duration and smalleutput time step.

120

Time duration of one simulation

/ === duration: 1year, step: 60 s
—fi—duration: 1 year, step: 3600 s

=== Duration: 2 years, step: 3600 s

==é=duration: 2 years, step: 60 s

=== duration: 2 years, step: 900 s

/ duration: 2 years, step:360 s

r
/

T T |
s} 0,1 0,2 0,3 0,4 0,5 0,6
Time, [h]

100

80

60 +

Degree, [-]

40 -

20

Figure8. Time duration of one simulation dependent on degree and order, mission duration and output time step.

6.3. Outputtime step

Since the output time step dis/ affect the quality of the integrated trajecry and the orbital
St SYSyida Rz2ylyihe obtgu? imd Step MasLsit B 1000 (1.7 h per step)from the
reason of data sizeecauseo big data size BElsto the long processing time.
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6.4. Degreeand order

In order to analysithe effect of the cegree and order on the evolution of orbital elements of MPO
and to define the reasonable degree and ordlethe scopeof this bachelor thesis, ten simulations
were performed using nominals values of tl®0x100 gravity field without considering the
uncertainties. The degree and ordesere varied from O to 100 in step of 10.

Evolution of periherm Evolution of periherm
F E
£ E
— 4504 — i
= oy 300
[
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Figure9. Evolution ofthe perihermdependent on the degree and ordefr gravitational harmonic coefficients considering
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FigurelO. Furthef zogming of FiguIe 4Awitivaﬂution of periherm of MPO depended on degree and order of gravitational
KINY2yA0 O2STFAOASY(a O2yaAR&GNAY I FTNRBY (KS aSNOd2NEQa OSyd NI
Figure9 shows the evolution of periherm of MPO depended on degree and order of gravitational
harmonic coefficients considering from the surface of Mercury. The legend of the plot depicts the

colour lines corresponding to degreedanrder from O to 100According to the plot, the periherm
R2SayQi OKIy3aS F2NJ RSINBS FTYyR 2NRSNJ 2F 1 SNR *
unperturbable due to considering only the central GM of Mercury. The influence of the degree and

order up to D, which leads to the periherm decrease, is clearly seen. Furthermore, the gravity field

in the degree and order up to 20 presenting with the gold line causes stronger decline of the
periherm than in the order and degree of 10 depicted as the blue lire difference is in km and

accounts for 5 km after 1 year and 12 km after 2 years.

As demonstrated irFigurel10, the difference between degree and order up to 50 and 40 is in the
range of m. The interesting point is, thite gravity field in degree and order of 20 decreasesithe



33

more than in degree and order up to 30. Since the change in the periherm by considering the
difference between degree and order of 50 and higher is in the range ofimmasdecided to take
into consideration the change in the periherm accuracyimitm under scope of this bachelor thesis.

The decision about degree and order was made through the example of peribecause it is the
most important parameter for considering in the scope of this bachelor th&sisplots with the
evolution of other elementse, i , a, i, Kand . dependent on degree and order of gravitational
harmonic coeffientscan be foundn Appendix

In the followingall simulatiors were performedusing the gravity field up tdegree and ordeb0.

6.5. Monte CarloMethod

The genemtion of gravity fields for the simulation#as performed withthe Monte Carlo Method
which is based on random selection of parameter values and subsequent evolution of function
values.This methodvasuseddue to its simple implementatiorNote that usage of thélonte Carlo
Method requires a large number of simulation8s described inextion 6.1, the number of

simulations was set to 1000.

Normal d'lStnbtl}fP‘?n of M Normal distribution of
gravitational coefficient G 1e9 harmonic coefficient Csq
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Figurell. Normal distribution ohormalizedgravitational cefficient GM, gravitational harmonic coefficients ,6 and
0 for the generated gravity fields with scale factor 1

Although the generating random gravity fields was performed with the function multivariate which is
based on the normal digbution, in order to review the consistent filling of the generating harmonic
coefficients in the margin of error, the histograms with normal distribution, showkigarell, were
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created for the gravitationatoefficientGM and gravational harmonic coefficient8 ,0 ando
These coefficients were selected because they mainly affect the evolution of the orbital elements.

The green bars denote the real normalized distribution of GM and harmonic coefficients, the red line
represents probability desity which was calculated with the probability density function (PDF) on
basis of the nominal valug and standard deviation, §. The values gf and,, for GM,6 ,6 and

0 are represented iTable8.

According to the plots, GM and the coefficients are generally spread well, the distribution is
approximately symmetrical.

Parameter V1 da

GM [—] 2.203181541115489%%p T 1.936190944415492¢p 1
0 -2.2508016774p T 3.8394711196316998p 1
0 1.2461628084p T 2.4395099417725768p T
0 -4.754228166% p T 8.8860037567489276p T

Table8. The nominal valuesnd standard deviations for gravitational efficient GM and harmonicoefficientsd ,6 ,0

6.6. Time duration of the mission of MPO for simulations

As mentioned in ection 3.3, the primary mission of MPQvas set up to one Earth year with
additional option of extendingt by one Earth year. Therefordt wasdecided to predict and analyse
the evolution ofthe orbital elements oMPOin the gravity field of Mercury over 2 Earth years.

6.7. Accelerations acting on MPO due to perturbing forces

In order to estimate the impactof different perturbing forceswhich affect the trajectory of the
orbiter, a simulation was performed usingominal values fothe gravity fieldwithout considering
the uncertaintiesand taking gravitational as well as ngravitational effectsinto account The
additional input data needed for this simulation is listedTiable9 and Table10. The output time
step was set to 10000 that correspondo 631152 s and 17532 hper steprespectvely.

Surface of MPO Surface sizef] ] Surface reflectivity
i 2.852 0.8

i 4.692 0.8

i 2.852 0.8

i 4.692 0.8

i 4.6375 0.9

i 3.9525 0.8

i 2.7008 0.21

Table9. Input data for considering of the accelerations caused by podasure radiation [Liidick&00g

Figurel2 shows the order of the magnitude of accelerations acting on MPO. As expected, the main
accelerations are caused by the central term GM of Mercury, followed by higher terms of
gravitatioral potential of Mercury, the gravity force of the Sun considered as a point mass and the
solar radiation pressure. The next important perturbing force is indirect radiation pressure which is
represented as the sum of thermal radiation pressure and reftbetbedo radiation. Both effects

are also shown in Figure 7 separately. The smallest perturbations are the gravity forces of Venus, the
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EarthMoon barycentre, Jupiter, Saturn and Mars, which are taken into consideration as a point
mass.

Parameter Value Units
Mass of MPO 1,150 [ESA, 2018] kg
Bond albedo of Mercury 0.12 [Kato et al., 2012] -
Minimal temperature 100 [Rothery, 2015] K
Number of concentric rings 2 -

Number of elements in the 6 -
innermost ring

Addition of ring elements tc 6 -
each ring, staing after

innermost ring

Tablel0. Input data for considering of the accelerations caused by indirect radiation pressure.

As it can be seen iRigurel2, the accelerations due to the higher terms oftlgeopotential of
Mercury have a periodic charactéfhese acceleratiorare caused by the rotation of Mercury on its

axis andvarybetweeng® @gp m — andpg Cip m —.

Furthermore the influence of the gravity of the Sun is associated with the proximity of Mercury to
the Sun. Te accelerations caused by tharSare in the range of® mijp m — in perihelion and

p® pip ™ — in aphelion. The solar radiation pressure and indirect radiation pressure depend

also on the position of Mercury relative to the Sun. When Meyds located in the pericentethe
solar radiation and correspaling accelerations aretsonger. The maximal value for SRPt#& ¢ o

p m —, forindirect RP amounts & p & m —. The minimal value for SPR and albesidp—
when the satellite is over the dark hemisphere of ielery whereas the accelerations due to the
thermal radation accounts fort® x i m —.

Accelerations due to perturbing forces

—— Central GM of Mercury
10-4 Geopotential of Mercury
—— Sun
—— SRP
~—— Indirect RP
—— Albedo radiation
—— Thermal radiation
—— Venus
Earth barycenter
—— Mars barycenter
—— Jupiter barycenter
—— Saturn barycenter

Accelerations [km/s?]

30 400
Time [days]

Figurel2. The accelerations acting on the orbit of MPO over 2 years
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Accelerations due to perturbing forces

—— Central GM of Mercury
Geopotential of Mercury

10— — T — T — T —
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106 _
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Figurel3. The accelerationscting on MPO during the first day in the orbit

Figurel3shows a more detailed look on the accelerations during the first day of the spacecraft in the
orbit. Hence, the perturbations due to the central GM of Mercury are periodit depend on the

position of the satellite. MPO experiences the maximal accelerationsgofdp T — in the

perinerm andp& X p mm — in the apoherm. This can be explained with the invesgaare law for

the gravitational attraction of a poiAtke mass. The accelerations due to the geopotential have also
a periodiccharacter and depend on the proximity of the spacecraft to the planet. The indirect
radiation pressure has a stronger influence on MPO in the periherm than in apofi&engravity
force of the Sun has an opposite effect depending to the distance the igatlithe Sun due to
bSglG2yQa IAINIGAGFOGAZ2YIE I 60
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7. Results

7.1. Effect of geopotential of Mercury

In this section, the influencef the geopotential of Mercury on the evolution tfe orbital elements
of MPO wasdnvestigated

7.1.1. Evolution of the orbital elementsof MPO

By preparation of the space mission, it is very important® ableto predict and analysighe
changesin the orbital elements of a spacecraifver time Not all changes in the orbitave a negative
effect, but changes in some elemerdse desirable. For exampl#he movement ofthe argument of
periapsis is welcome by DLR fgperating the BELA altimeteBy this more surfacearea can be
covered from the lower distance without additionekpense ofuel formanoeuvres

In order to inestigate the effect of the gravity field of Mercuoyn the evolution of orbital elements
of MPOsystematially andto analysistheir consequencesthe simulations were performed using
gravity fields generated obasis of thescale factors 1, 3, 5 and 1®,Q@00simulationsper eachscale
factor werecarried out Note that only 851 simulationsfrom 10,000were successfly executedfor
the scale factor 1@ue to the collision of the satellitavith the planet In the simulations, only the
gravity field of Mercury was taken into accountbecausethe gravity field cases the largest
perturbationswhich affect the trajectory of a spacecrafis shownabovein Figure1l2. The nominal
values for every orbit element were obtained from the slations based on the nominal values of
the gravity fieldwithout considering uncertainties.

7.1.2.  Evolution of the periherm of MPO

A critical point forthe instruments on board of MB@mong other things for BELA altimetés the
spacecraft altitude fithe perihermfallsbelow 200 km Khan and Rocchi, 20[L8nhe thermal stresn
the instrumentsmay cause awverheaing and could damage theritherefore, this analysifocuses
onthe changes iperihermi .

Figurel4 demonstratesthe evolution of the periherm of MPO fahe scale factors = 1, 3, 5 and 10

over 2 years. The black line represents the periherm for nominal values without considering the
uncertainties. The blue and green lines denote the minimal and maximal valuestwgpebased on

the standard deviations. The yellow and red lines encompass the maximal and minimal values of
periherm of all simulations. Note that minimal and maximal values afould belong to different
gravity fields per output time step. All values are given in km above ground. The reference radius of
Mercuryi was taken from the input file for generating gravity fields and amounts to 2439.4éen (
section5.2). The time is given in Earth days and Earth years respectively and is designated shortly as
days and years.

The standard deviations were calculated with following formula:

Bw o
5

(20)
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where, denotes standat deviation,wis each value of the data sedrepresents nominal value and
N presents the number of simulations.

Themaximal and minimal values of periherm based on the standard devialigns ( andi 7 )
are the sum of nonmal value of periherm plus/minus standard deviation.

In some cases, the periherm falls below 0 km, i.e. the satellite collides with the planet. The Integrator
R2Say Qi aid2L) 6KS AyGSaNIdAz2y FFGSNI (KSaluésNié¢ a K 2 F
below 0 km, the results were set to 0 km.
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Figurel4. The evolution of the periherm dependent on the scale factor over 2 years

According to the plat the graviational potentialcauseggenerallya decrease in periarm after 1 and

2 yearsexpectthe maximal valudor scale factas 5 and10, which follow the tendency ofa slow
declineandthen beginto increase The standard deviations atargerwith the growingscale factor.

The difference between theninimal and maimal valuesis alsogreater when the scale factor is
bigger.Furthermore,there is a possibility that the spacecraft crasfhto the planet after 725 and

after 587 days when considering the maximal value for scale factor 5 and the maximal value for scale
factor 10 respectively.

Tablell depicts the nominal valuesf the perihermi ;  without considering uncertainties after 1
and 2 yearslt can be seen, that, declinesby 308 % after the first year andy 51.6 % after 2

yearswhen compared wittthe initial value of perihermi ; , whichaccounts for 2920 km or rather
480.6 km when considering above surfadée mean rate of decrease bf; (by assumption of
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the linear tendency)s 04 km/day after lyearand Q3 km/day after 2 years. The mean rate after 2
years is smalleoecause oslow-moving ofi ;  after 1 yeardownwards.

»_[km] after 1 year after 2 years
[ 332423 232555

ip -lp 148177 248045
rate per day 0.405 0.339

Tablell. Nominal values forgrihermconsidering above surfaedter 1and2 years

The general trend of the evolution of for scale &ctor 1 is even decrease. The standdediationis
2.9 km after the first year and.8 km after 2 years. The periherdeclinesby 302%- 31.5% and by
49.8% - 53.5% inthe range of standard deviation after 1 and 2 years respectiwdign comparing
with i ; . These values lie innaacceptable range, whereas the minimal vahfé after 2 years
falls belowthe critical distance of 200 kmvhichcouldleadto the damage of the satellite.

Whenconsideringthe chang in the periherm forthe scale factor 3the standard deviatiorns three
times larger than by scale factor 1. The periherm altituderdasesby 29%6- 32.6 % and by 466-
57.2 % in the field of the standard deviatiomhen compared with ; . The maximal value of the
periherm falls slower than by scale factot, while the minimal value of has nearly a linear
tendency and backs down rapidly reachitige value of 98 km after 2 yearswhich could be
considered as critical.

The evolution of the periherm fdhe scale factor 3ooks more pronounced thafor the scale factors
1 and 3 The standard deviatiotis 1.67 times bigger than for the scale facto8e perihermin the
areaof standard deviatiorchanges by 28 %- 33.8 % after 1 year and b42.3%- 61 %after 2 years
relativeto i 5 . Theminimal value ofi based on standard deviation falldreadybelow 200 km
after 2 yearsThe difference between minimal and maximal valuesesstrondy and amounts to
1151 km after 1 year ando 3799 km after 2 yearsThe maximal values of griherm fall slowly,
changethe tendencyof drop and start to increaseapproximatelyafter 500 daysAs mentioned
above,the minimal values of periherm decrease rapidly, i.e. the satellite loses the altitudeTiiést
leads to the crash of the spacecrafito the planet after 725 days.

Moreover, the collision ofMPO with Mercurycould already happen after 587 Earth days when
considering the minimal value of periherm fibre scale factor 10The maximal values of periherm
drop slowly and start to increasster ca. 285 Earth daysachngthe value which exceeds, by
11.8 kmafter 2 yearsAs expected,he standard deviatioiis 10 times bigger than fahe scale factor

1 and amount to 2& km after 1 year and 93 km after 2 years. The pegim falls by24.9%- 36.8 %
andby 32.6%- 70.6 % considering the valués the range obtandard deviation after 1 year and after
2 years respectively compared with; . The minimal value aof in the range of deviation after 2
years ca be considered as critical.

The detailed information about the periherm values per scale factor after 1 Zngkars is
represented inTablel2 and Tablel3.

»_[km] scale factor 1 scale factor3 scale factorb scale factorl0
” 2.865 8.597 14.330 28.602
1 hh 329557 323826 318092 303821
[ 335288 341019 346.753 361025
(IS 319958 294,676 269310 226.638
[ 342483 362389 384.388 434478

Tablel2. Periherm values aboverface after 1 year
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»_[km] scale factor 1 scale factor3 scale factors scale factorl0
” 8.916 26.801 44.858 91.258

[ 223639 205753 187.697 141.296

[ 241470 259.356 277413 323813

[ 191474 99.775 0 0

[ 264.217 322627 379930 492416

Tablel3. Periherm values abover$ace after 2 years
In order to have aoverview of the distribution of the periherm per scabefor after 1 and 2 years,

the boxplots were createdwhich areshown inFigurelbs.
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Figurel5. The box plots for the periherm altitude after 1 year and after 2 years

The box extends frorthe lower to uppe quartile valuesand represent 50%of the data The orange
line, located in the boxdenotes the medianwhich depictsthe middle value of the dataseand
separates the higher half from the lower haffthe sample dataTheupper half and lower hatif the

box separated with the mediamepresentsper 24.75% of the data valuesThe green dashed line
encompasses theveragedvalue of data.The median and the averaged value can be hardly
identifiable because they lie either on top of each other or in prityino each other.The blue
crosses depict the outliervalues of datawhich amount to 025% per sideThe lines extending
vertically from the boxeare called whiskerand indicate variability outside the upper and lower
guartiles The valueseachingfrom the lower cap of whisker to the uppeap accountfor 99% of
data.

According to the plots, the likelihood that the periherm falls below 200 km after the first year is equal
zero for all scale factors. But it can happen in two from 10,000 cases wheideamg the periherm
values for the scale factor 1 after 2 years. By consideration of the scale factor 3, there is 11.7% of the
possibility that the periherm altitude is between 99.8 km and 200 km after 2 years. Moreover,
23.69% of the periherm values fthre scale factor 5 after 2 years are below 200 km.

Furthermore, thepossibility that the satellite collides with Mercury before or rather after 2 years
amounts to 1.5% when taken into consideration the scale factor 10. The likelihood of the values of
periherm below 200 km after 2 years is quite large and accounts to 36.2%. Therefore, there is 0.02%
of the possibility that the periherm after 2 years is greater than

In addition, the box plots show clearly the linear dependency of the evolution of periherm over 1
year or rather 2 years on scale factor.
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Moreover, the box plot gives the information about symmetry of data dispersion. As can be seen,
the distribution is not symmetrical artdnds to be left skewed

A more detailed information about distribution of the periherm values after 1 and 2 years is
represented inTablel4.

scale factor 1 scale factor 3 scale factor 5 scalefactor 10
after after after after after after after after
1 year 2 years 1 year 2 years 1 year 2 years 1 year 2years

:;Sfl’grs 342.483 264.217 362.389 322.67 38438 379.93 434.478 492.4%F

P, 34048 257734 356463 3042 372642 34928 41165  442.75

:SZ?tzle 334.345 238551 338.18@ 250359 342.06 261.925 351.539 289.732

median 332.402 232.475 332.36 232.38 332.34 232.079 332.317 231.52

'c;)l:’;ftr”e 330.517 226.68 326.697 214.60% 322.827 202.26 313108  170.147
L‘a‘r']viglr(er 324.380 207.586 308.153 153.942 291.950 94.149 250.675 -78.304
fll’vﬂférs 319.958 191.474 294.6® 99.75 269.3 -6.570 226.68  -236.804

Tablel4. The impotant parameter d the box plot dpendent on the sale factor after 1 and 2 years

The box plots for the eccentricity and the apoherm and corresponded tables can be found in
Appendix

7.1.3. Evolution of the eccentricity of MPO

The second orbital element eccentricity e determines the form of ttét.oln case of MPO, the initial
orbit is highly elliptically witthe eccentricity valu€ of 0.148688.Figurel6 showsthe evolution
of the eccentricity of MP@ependent on the scale factmver 2 yearsThe gravitational potential of
Mercury generallycauses the eccentricity tincreasewhich means that theorbit becomes more
elliptically. Thisin turn leads tadecrease in periherm altitudeAll values of the eccentricity follow the
tendency of growth, except the minimal values of e for the scale factors 5 and 10.

Table 15 represents the nominal values for the eccentricit® without considering the
uncertainties after 1 and 2 years. It can be seen, that rises by 29% after 1 year and by 48.7%
after 2 years relative t§2 . The mean rate of the increase © is 0.0001182/day after 1 e

and 0.0000987/day, assuming a linear trend. The mean rate after 2 years is smaller because the
eccentricity begins to climb slower after 1 year.

The general trend of evolution of the eccentricity for the scale factor 1 is an ongoing growth. The
eccentrtity increases by 28% - 29.6% after 1 year and by 46% 50.4 % after 2 years when
considering the values in the range of standard deviation in tern@ of The minimal value of the
eccentricity changes by 27.1% after 1 year and by 42.4 % after 2 years while the maximal value grows
by 31.5% after 1 year and by 56.7 % when compared@ith

The general trend of evolution of the eccentty for the scale factor 1 is an ongoing growth. The
eccentricity increases by 28%- 29.6 % after 1 year and by 46093 50.4 % after 2 years when
considering the values in the range of standard deviation in tern@ of. The minimal value dhe



42

eccentricity changes by 27.1% after 1 year and by 42.4% after 2 years while the maximal value grows
by 31.5% after 1 year and by 56.7% when compared @ith.

By considering of the eccentricity for the scale factor 3, the standard devietiamger by 0.00167

after 1 year and by 0.00521 after 2 years in comparison to the scale factor 1. The minimal value of
the eccentricity grows by 0.0344 after 1 year and by 0.046 after 2 years with reg&d toWwhen

taken into consideration th values in the range of standard deviations, the eccentricity increases by
27.%%- 36.4% after 1 year and by 4304 53.9% relative to the initial value of e.

Evolution of eccentricity (scale factor = 1) Evolution of eccentricity (scale factor = 3)
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Figurel6. The evolution of the eccentricity dependent on tba&le factor over 2 years

el-] after 1 year after 2 years
Q 0.1918620 0.2209888
Q Q -0.0431740 -0.0723008
rate per day -0.0001182 -0.0000987

Tablel5. Nominal values foraeentricityafter 1 and 2years

Whentaken into accounthe values for the scale famr 5, it is clearly seen that the location of the
minimal and maximal value of e is not symmetrical relative to the nominal valtiescgccentricity
In addition, the difference between the minimal and maximal valafésr 1 yearis greaterthan the
by scale factors 1 and 3 and0.0336. As expected,ite standard deviatiofs 5 and 167 times bigger
than for the scale factor 1 an® respectively The eccentricityvaluesin the area of standard
deviation rise by 2@%¢ 31.9% after 1 year and by 3®0¢ 57.4% after 2 years terms ofQ

¢CKS YAYAYIt @LfdzS 2F GKS SOOSYdGNROA(GE FteeNJ & O f ¢
ongoinggrowth. It increaseslowlyand begins to back down after the first ye#en it reachesthe

value which is smaller by 0034612than 'Q . The maximal value of the eccentricity has the

tendency of the rapid growthThe considering o2  after 2 yearsmakes no sense due to the
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collision of the spacecraft with the planet after 587 dajtse difference between the minimal and
maximal values o is 2.6 greaterthan by scale factor 5. Thalues for the eccentricity in the range
of standard deviatiorincreasesby 23.4% - 34.7% after 1 year and by80.7% - 66.5% after 2 years
when comparedvith'Q

The detailed information about the values of the eccentricity after 1 year and after 2 years for scale
factors 1, 3, 5 and 10 isted inTablel6 and Tablel7. The valescorresponded to the crash ohée
satellite on the planet are shown bold.

el-] scale factor 1 scale factor 3 scale factor 5 scale factor 10
” 0.0008354 0.0025065 0.0041782 0.0083393
Qp 0.1910266 0.1893555 0.1876838 0.1835227
Qp 0.1926974 0.1943684 0.1968)402 0.2002013
Q 0.1889292 0.1831258 0.1767112 0.1621066
Q 0.1954964 0.2028688 0.2102664 0.2227022

Tablel6. Eccentricity values after 1 year

el

scale factor 1

scale factor 3

scale factor 5

scale factor 10

” 0.002599 0.0078137 0.0130781 0.0266057
Qp 0.2183894 0.2131751 0.2079108 0.1943831
Qp 0.2235881 0.2288025 0.2340669 0.2475945
Q 0.2117578 0.1947289 0.1780219 0.1452268
Q 0.2329656 0.2596999 0.2907041 0.3578205

Tablel7. Eccentricity values after 2grs

7.1.4. Evolution of the apoherm of MPO

Due to the increase of the eccentricity that leads to the decrease in periherm, the apoherm rises
because the semmnajor axis remains constamilthough the treatment of the apoherm is redundant

to the eccentricity, the evolution of the apohermas added to analysis of the orbital elements
nevertheless.

Figurel7 demonstrates the evolution of the apoherm of MPOdependent on the scale factor over
2 years. The apoherm follows generally the tendency of the graftdr 1yearand 2 yearexcept
the maximal value of the apoherm for the scale fastérand10 which begn to fall after slow rise.
The stawdlard deviations are larger with the increasing scale factor.riiimimal and maximal values
have alsomore significant divergences when the scale factor is biggee initial value of apoherm
1  amounts to3940 km and 1500.6 km when congiig from the surface of Mercury

The detailed information about the values of the apoherm after 1 year and after 2 years for scale
factors 1, 3, 5 and 10 is listed Trable 18, Table19 and Table20. The values corresponded to the
crash of the satellite on the planet are shown in bold.
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Evolution of apoherm (scale factor = 1)

Evolution of apoherm (scale factor = 3)
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Figurel?7. The evolution of the apoherm dependent on the scale factor over 2 years

> [km] after 1 year after 2 years
[ 1648.553 1748.507
iy -lp -147.953 -247.907
rate per day -0.405 -0.339

Tablel8. Nominal values for apoherafter 1 and 2 years

> [km] scalefactor 1 scale factor 3 scale factor 5 scale factor 10
. 2.866 8.597 14.331 28.604

1 hh 1645.688 1639.956 1634.222 1619.949

[ 1651.419 1657.150 1662.885 1677.157

[ 1638.495 1618.592 1596.587 1546.492

[ 1661.021 1686.313 1711.696 1754.321

Tablel9. Apohermvalues abovelgface after 1 year

> [km] scale factor 1 scale factor 3 scale factor 5 scale factor 10
” 8.915 26.799 44.855 91.252

[ 1739.592 1721.708 1703.652 1657.256
VR 1757.423 1775.307 1793.362 1839.759

[ 1716.848 1658.441 1601.137 1488.652

[ 1789.586 1881.278 1987615 2217755

Table20. Apoherm values above surface afterears
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7.1.5. Evolution of the semimajor axis of MPO

Althoughthe gravitational potential causes increase in the eccentricity and decrease in the periherm
altitude, the semimajor axis remainalmostconstant over time

Figure18 shows the evolution of the semimajor axisof MPOdependent on the scale factor over 2
years. The black line represents the semajor axis for nominal values without considering the
uncertainties. The blue and green lines denote the minimal and maximal valissnemajor axis

based on the standard deviations. The blue dashed and green dashed lines encompass the maximal
and minimal values afemimajor axisof all simulations.

The evolution of thesemimajor axis has periodical character. The oscillatioase caused by the
periodic part of the perturbations due to the gravitational potential of Mercuirgan be seenthat

the period of the oscillationcorrespond to one half rotation of Mercuryabout its axis.Moreover,

the amplitude of the oscillations growslightly with te increasing scale factand with rising
number of mission days
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Figurel8. The evolution of the semajor axis dependent on the scale factor over 2 years

7.1.6. Evolution of the inclination of MPO

Figure19 shows he evolution of the inclination dependent on the scale factor over 2 years. The
inclination remains constant over time like the semajor axiswvith minor periodical oscillationsThe
period of the oscillation corresporgito one half rotation of Mercury about its axis. Therefore, the
amplitude of the oscillations grows with the rising scale factor
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Evolution of inclination (scale factor = 1)

Evolution of inclination (scale factor = 3)
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Figurel9. The evolution of the inclination dependent on the scale factor over 2 years

7.1.7. Evolution of he argument of periapsis of MPO

As mentioned above, the chaegin the argument of periapsis is desiralle the scope of the
mission of MP(hecausemore surface area of Mercury can be investigatgdthe altimeter BELA
from the lower altitude Note that altitudes above 1000 kmto the surface of Mercury are ho

applicablefor the BELAnstrument [Lidicke, 2008Hue to the low signal to noise ratio at higher
altitudes

Figure20 shows the evolution of the argument of periapsi©f MPO dependent on the scale factor
over 2 yearsAccording to the plotsghe overalltendency of the evolution of is steady dcline over
time. The changes in the position ofcan be explained bthe influence of the flatteningTresaccet
al., 2018Jand the North-South mass asymmetry of Mercuighan and Rocchi, 20[L8

Table 21 depicts the nominal value othe argument of periapsis without considering the
uncertainties after 1 and 2 years. It decreases by 32.59° aftggat and by 61.2° after 2 years
relative to the initial value of argument of periapsis amounted to 16°. The mean rate of the
decline is 0.09°/day after 1 year and 0.08°/day after 2 years.

The standard deviation for the scale factor 1 isaBmThe argument of periapsis in the range of
deviation decreases by 32:532.9° after 1 year and by 60.6%61.73° after 2 years comparative to
] . The minimal and maximal values differ not strongly from the nominal value.
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The argument of pgapsis in the region of deviation for the scale factor 3 declines by 3232187°
after 1 year and by 59.662.8° after 2 years when compared with the initial value. The difference
between the minimal and maximal values is larger and amounts to 2&° hfyear and to 13.18°
after 2 years.

Evolution of argument of periapsis
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Figure20. The evolution of the argument of periapsis dependent on the scale factor over 2 years

N after 1 year after 2 years
] -16.5897 -45.1951

1 -1 32.5897 61.1951
rate per day 0.0892 0.0838

Table21. Nominal values faargument of periapsiafter 1 and 2 years

The value®f . in area of standard deviatiofor the scale factor %all stronger by B7° after 1 year
and by2.13° after 2 years tharfor the scale facta 1 and 3in comparison tq . The minimal
@l f dzS 2 T sby 34R18 &ht&tIE yedr &nd by 749° after 2years while the maximal valuirops

by 3061° after 1 year and by 4@° after 2 years when compared wijth

The argument of periapsis in the range of deviation for the scale factor 10 has more significant
changes than for the scale factdts3 and 5 by comparison with the initial value.of The standard
deviationis approximately two times bigger than for the scale fadaafter 2 yearsA nore detailed
information about the values of the argument of periapsis dependent on the scaler faitéer 1 and

2 years is demonstrated ifable22 and Table23.
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N scale factor 1 scale factor 3 scale factor 5 scale factor 10
" 0.0932 0.2797 0.4662 0.9316

T & -16.6829 -16.8693 -17.0559 -17.5213

T & -16.4965 -16.3100 -16.1234 -15.6580

] -16.9181 -17.5838 -18.3094 -20.1214

] -16.1856 -15.3875 -14.6129 -13.3556
Table22. Values forargument of periapsiafter 1 year

N scale factorl scale factor 3 scale factor 5 scale factor 10
" 0.5311 1.5949 2.6646 5.3703

T h -45.7262 -46.7900 -47.8597 -50.5655

Tk -44.6640 -43.6002 -42.5305 -39.8248

] -47.1725 -51.1678 -55.4912 -66.6767

1 -42.8051 -37.9923 -33.0853 -20.8924

Table23. Values for argumentf@eriapsis after 2 years

7.1.8. Ewlution of the longitude ofascending node of MPO

The e/olution of the longitude ofiscending nod& dependent on the scale factor over 2 yeass i
represented inFigure21. The overall tendencis the deceasewith periodicoscillationscaused by

orbital period of the satellite and rotational period of the plar&tesaco, 2018]The maximal values

of K for the scale facto’s and 10R2 Yy Qi F2f f 2 6 d ankd Start OB Bflerf slowi NS y°
decrease.The standard deviatiorbecomes largemwith the increasing scale factor and growing
number of the mission days. Tramplitude of theoscillationsclimbs over time. The variations
between minimal and maximal values daegerwith the rising scale factand over time

Table 21 depicts the nomah value of the longitude ofiscending nodewithout considering
uncertaintiesL] after 1 and 2 years. It decreases by 0.31° after 1 year and by 0.69° after 2 years
when compared with the iniéil value of the longitude adiscending nodé which accounts for
67.8°.

The longitude of the ascending node in the rangestandard deviations falls by 0.30.31° after 1
year and by 0.670.7° after 2 years for the scale factor 1, by 0.2®317° after 1 year and 0.65°
0.72° after 2 years for the scale factor 3, 0.28%7324° after 1 year and by 0.6¥.75° after 2 yes
considering the scale factor 5 and by 0-27.34° after 1 year and by 0.570.81° after 2 yearsaken
into accountthe scale factor 10 when compared with

A more detailed information about the values of the longitude of the ascending node dependent on
the scale factor after 1 and 2 years is demonstrated in Table 22 and Table 23.
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Figure21. The evolution of thiongitude of the ascending node dependent on the scale factor over 2 years

K[ after 1 year after 2 years
L 67.4943 67.1134
-y 0.3057 0.6866

Table24. Nominal values for longitude of ascendirafe

K[ scale factor 1 scale factor 3 scale factor 5 scale factor 10
y 0.0037 0.0112 0.0187 0.0375

(W 67.4906 67.4831 67.4756 67.4568

(W 67.4981 67.5056 67.5130 67.5318

L 67.4792 67.4494 67.4196 67.3473

Ll 67.5091 67.5386 67.5681 67.6428

Table25. Values for longitude of ascending ncafeer 1 year

K[ scale factor 1 scale factor 3 scale factor 5 scale factor 10
” 0.0117 0.0350 0.0586 0.1201

L5 67.1018 67.0784 67.0548 66.9933

L i 67.1251 67.1484 67.1720 67.2335

Ll 67.0670 66.9776 66.8911 66.6665

Ll 67.1587 67.2506 67.3504 67.6785
Table26. Values for longitude of ascending node after 2 years
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7.2. Analyticalanalysis ofinfluence ofthe harmonic coefficientsl,
L and L

In this sectn, the influence of theyravitationalharmonic coefficient® , 0 and0 on the evolution
of the longitude of ascending node, the argument of periapsis and thengédcity was analytically
analysel. This analysigivesonly approximatelyestimationof the effect of the coefficients assuming
the linear tendencyNote that the coefficient® , 0 andbv are normalized.

The influence ofy , whichmainly causes thgrecession of the longitudef ascending node and the
rotation of theargument of periapsidgs described by the following formwda

wEN 1)

VAT @ p (22)

Here,p is semiatus rectuswith p=a-(1- €%) and n is mean motion with= —.

1 —-0¢

The semiatus rectus of MPO is 3354.2 kmhile the mean motion accounts for.3889-1¢ rad/sec
when considering the nominahlue for GM.

The change i due toU is equal zero becaugke orbit of MPO is polar with=90°.

The change in due to U is -11.92903°/year. The standard deviatmras well as minimal and
maximal values for dependent on the scale €tor are given inTable27.

o [°/year] scale factor 1 scale factor 3 scale factors scale factorl0
" 0.0002047 0.000612 0.0010171 0.0020342

1 -11.9298 -11.9356 -11.9331 -11.9372

1 -11.9283 -11.926 -11.92% -11.9213

Table27. Change in argument of periapsis dependent on the scale factor duatfier 1 year.

0 predominantly affecs the eccentricity andhe argument of periapsisThe influence ob is given
by the formulas

o Y .

Q -0¢ - Q wéli (23
v noo P
o Y p 1Q

1 -0¢ ] , i Q¢ (24)
U] n Q

Thechange irthe eccentricity of MP@ue to0 is0.0150323year while the change ithe argument
of periapsis amounts te1.848°/year when considering the nominal valueshboth cases. The
standard deviations, as well as minimal and maximal valoe€2and] dependent on the scale
factor are shown iMable28 and Table29 respectively.
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_mlVyear] scale factor 1 scale factor 3 scale factor 5 scale factor 10
" 2.811510°8 8.434%-10° 1.3974-10° 2.794710°
Q 0.01502195 0.01500123 0.01498314 0.01493397
Q 0.01504233 0.0150623 0.01508498 0.01513765
Table28. Change in eccentricity dependent on the scale factor duedfter 1 year
o [°/year] scale factor 1 scale factor 3 scale factor 5 scale factor 10
" 0.000348 0.0010338 0.0017186 0.0034371

] -1.85 -1.85%5 -1.8552 -1.8617

] -1.845 -1.8449 -1.8427 -1.8367

Table29. Change in argument of periapsis dependent on the scale factor duefter 1 year

The gravitationakoefficient mainly causes the change in the argument of periapsis on a polar
orbit. It is described b§Schuster and Jehn, 20[L4

pu .Y W, O . .

—U0¢ ] o -Q -Q Al @ (25)
L o¢qC n T FV) _Q

¢ KS OKI y 3 Sring tie nominalz/afug Affecid hy accounts for2.2128°/year. The change

in the argument of periapsifor the minimal and maximal values, as well as standard deviations

dependent on the scale factor is presentedriable30.

o [°lyear] scale factor 1 scale factor 3 scale factor 5 scale factor 10
” 0.00098% 0.0029507 0.00488% 0.00977@®

1 -2.2164 -2.2236 -2.2333 -2.2538

1 -2.20% -2.203 -2.1950 -2.1773

Table30. Changen argument of periapsis dependent on the scale factor duie after 1 year

7.3. Comparison with additional perturbing forces

7.3.1.  Gravity of the Sun

Since the second major perturbing foraéfecting the trajectory of the orbiteris the gravitational
attraction of the Sun 10,000 simulations were performed usirtpe gravity fields generated on basis
of the scalefactor 1 taking the gravity field of Mercuryas well as the gravitforce of the Sunas a
mass pointinto account. The aim of these simulat®is conparison of the results of the simulations
considering only gravity field of Mercury and the both effects to ingest and understand the
changing therajectory of MPO

Figure22 (left) demonstrates the evolution of the perihermf MPO considering the effect of the
gravity fidd of Mercury while the changda the peiherm of the spacecraft, taketie influence of
the geopotentialof Mercury, as well as the attraction of the Simto account,is shownby Figure22
(right). According to the plots, the gravity force of the Sun has generally a positive effect on the
evolution of the periherm after 2 years in the orbihe Surgenerallycausesanincrease in periherm
altitude. On the other handas it can be sen by Table 24, the tendency up to the first year is
opposite to the trendafterwards The nominal value of periherm considering the gravity field of
Mercury is greater by 1 km after 1 year and smaller by 25.8 km after 2 geanpared tothe
nominal valueof the perihermincludingthe gravity force of the SurHence, the standard deviation
includingthe SunR2 Say Qi RA T fdn\the Standafdideviatibh yithduBthe third body
effect after 1 year and is smalldry 0.04 km The difference in standd deviation after 2 years is a
little bit larger and amounts to 0.5 km.
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Evolution of periherm (scale factor = 1), Evolution of periherm (scale factor = 1),
considering gravity field of Mercury considering gravity field of Mercury and Sun
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Figure22. The evolution of the periherm considering the gravity field of Mercury over 2 (felijsThe evolution of the
periherm considering the gray field of Mercury and the Sun as a mass point over 2 Yegrg).

While the minimal value of periherm exceeds the critical distance of 20@ken considering the
gravity field of Mercuryonly, the minimal value of includingthe Sunis in the acceptable range
after 2 years

A more detailed information about values dhe periherm within and withoutconsideringof the
gravity of the Sun is depicted Trabk 31, Table32 and Table33.

> i [km] after 1 year after 2 years
iR 331417 258307

in -l 149183 222293

rate per day 0.408 0.304

Tabk 31. Nominal values forgrgiherm considering the effect of the gravity field of Mercury and the gréwvitg of the Sun
»_ [km] gravity field of Mercury both effects
" 2.865 2.821

i hE 329557 328596
T 335288 334238

[ 319958 319167

[ 342483 341314

Table32. Perhermvalues abovewsface after 1 yea

»_[km] Gravity field of Mercury both effects
. 8916 8417

[ 223639 249891
(IS 241470 266.724

(IS 191474 219744
[ 264217 288251

Table33. Periherm values aboverface after 2 years

Figure23 (left) showsthe evolutionof the eccentricity of MPQ@aken the geopotential of Mercury
into accountover 2years.Figure23 (right) represents the changes the eccentricity of the satellite
consideringooth perturbing forcesThe eccentricity does natse strongly when amttraction of the
Sunis taking into accountThe standard deviatiorns a little bit smallerwhenthe gravity force of the
Sun is includethan without itand differs by0.0000129 after 1 year and y0002552 after 2 years
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A nore detdled informaion about the values of the eccentricigonsideringthe gravity field of
Mercury and the geopotential of Mercury with the gravity force of the Bpresentedin Table34,
Table35andTable36.

Evolution of eccentricity (scale factor = 1), Evolution of eccentricity (scale factor = 1),
considering gravity field of Mercury considering gravity field of Mercury and Sun
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Figure23. The evolution of the eccentricity considering the gravity field of Mercury over 2 (Jef8xsThe evolution of the
eccentricity considerintpe gravity field of Mercury and the Sun as mass point over 2 Yieging)

w i [ after 1 year after 2 years
Q 0.1921561 0.2134819
Q Q -0.0434681 -0.0647939
rate per day -0.00011901 -0.0000887
Table34. Nominal values foraentricity considering the gravity field of Mercury and the gravity of the Sun
el-] gravity field of Mercury both effects
» 0.0008354 0.0008225
Qp 0.1910266 0.1913336
Qp 0.1926974 0.19297&

Q 0.1889292 0.1892709
Q 0.1954964 0.1957283
Table35. Eccentricity values after 1 year

e[-] gravity field of Mercury both effects
" 0.002599 0.0023438
Qp 0.2183894 0.2110281
Qp 0.2235881 0.2159357
Q 0.2117578 0.2047521
Q 0.2329656 0.2247247

Table36. Eccentricity values after 2grs

Figure24 show the evolution of the apoherm of MPO considering only the tyrdigld of Mercury
(left) and both perturbing forcegqright) over 2 yearsespectively.According to the plots, thé&un
causes the small increase in the apoherm after the first yearabifjger decrease afte? years,
namely the apoherm by consideringetiboth effects reaches smaller values thaithout taking the
third body effect into account. The standard deviatiminthe apoherm by taking the gravity field of
Mercury and the attraction of the Sun into consideration is smaller than without the gravitye
Sun.
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A more detailed information about the values of the apoherm considering the gravity field of
Mercury and the geopotential of Mercury with the gravity force of the Sun is presentédble37,
Table38 andTable39.

Evolution of apoherm (scale factor = 1), Evolution of apoherm (scale factor = 1),
considering gravity field of Mercury considering gravity field of Mercury and Sun
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Figure24. The evolution of the apoherm considering the gravity field of Mercury over 2 (leftffjsThe evolution of the
apoherm conislering the gravity field of Mercury and the Sun as mass point over 2 (yednt

> ) [km] after 1 year after 2 years
[ 1649567 1722766

iq -l -148967 -222166
rate per day -0.408 -0.304
Table37. Nominal values for apoherabove surfaceonsideringhe gravity field of Mercury and the gravity of the Sun
> [km] gravity field of Mercury both effects
" 2.866 2.821

[ 1645.688 1646.745

i hh 1651.419 1652.388
(S 1638.495 1639.671
ih 1661.021 1661.821
Table38. Apohermvalues abovelgface after 1 year

> [km] gravity field of Mercury both effects
" 8.915 8.416

[ 1739.592 1714.350
[ 1757.423 1731.182
(IS 1716.848 1692.825
[ 1789.586 1761.327

Table39. Apoherm values above surface after 2 years

Figure25 and Figure26 demonstrate the evolution of the longitude of ascending node and argument
of periapsis respectively over 2 yearBhe left plots show the change K and . taking the
gravitational potential of Mercury into consideration, the right ploépresentthe evolution ofKand

. considering the gravity field of Mercury as well as the attraction of the IBoan be seen, that the
Suncauses &lowerdecreaseof the longitude of ascending node and the argument of periapsis than
by taking only thegravity field into account. For example, the difference between nominal values of
Kis 0.0138° after 1 years and 0.0422°, and between nominal valuesaaiounts to 2.13° after 1
year and to 3.07° after 2 yearShe standard deviation by considering thetlo perturbing forces is
smallerthan without the Sun.



55

o
o
o

Evolution of longitude of
ascending node (scale factor = 1),
considering gravity field of Mercury

o o o
P
S - SN

Longitude of ascending node [°]
g
=

. _It_:gnsidering gravity field of Mercury and Sun

(=] =21 =)}
o ~ -
v o ~

Longitude of ascending node [°]
[=2]
N

Evolution of longitude of
ascending node (scale factor = 1),

67.3 67.3 )
— Qgmax ! Qo max g
67.2 Qo v 3 67.24 Qo min Y ‘
Qo ' — Qun ’
67.1 = Qmin 67.1 - Qumin
e Opax == Qmax
67.0 T T T T v T v 67.0 T T T T T T :
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Time [days]

Time [days]

Figure25. The evolution of the longitude of ascending node considering gravity field of Mercury over Zlgf€arEhe
evolution of the eccentricity considering thegty field of Mercury and the Sun as a mass point over 2 yeghs)

Table40, Table4l, Table42, Table43, Table44 and Table45 representa more detailed informé&on
about the values oK and . within and without considering of the gravity force of the Sun after 1

and 2 years.

L g [°] after 1 year after 2 years
Ll 675081 67.1556
L - 0.2919 0.6444

Table40. Nominal values for longitude of ascending ndigke gravity field of Mercury and the gravity thie Sun

K] gravity field of Mercury both effects
N 0.0037 0.0035

I 674906 675045
I 674981 675117

L 674792 674938

L 675091 675220
Table41. Values fotthe longitude of asending node after 1 year

K[ gravity field of Mercury both effects
" 0.0117 0.0106

" 67.1018 67.1661
" 671251 67.1450

L 670670 671150

L 67.1587 671975

Table42. Values fothe longitude of ascending node after 2 years
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Evolution of argument of periapsis
(scale factor = 1)
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Figure26. The evolution of the argument of periapsis considering gravity field of Mercury over ZlgérsThe evolution
of the eccentricity considering gravity field of Mercurg &un as a mass poifrtght)

o1y [ after 1 year after 2 years
1 -14.4586 -42.1231

1 -1 30.4586 58.1231
rate per day 0.0834 0.0796

Table43. Nominal valuegor the argument of periaps considering the gravity field of Mercury and the gravity of the Sun

- [

gravity field of Mercury

both effects

— 0
= X S

0.0932

-16.6829
-16.4965
-16.9181
-16.1856

0.0852

-14.5439
-14.3734
-14.7587
-14.0897

Table44. Values fothe argument of periapsiafter 1 year

- [°] gravity field of Mercury both effects
" 0.5311 0.4827

1 -45.7262 -42.6058

1 & -44.6640 -41.6404

] -47.1725 -43.9248

] -42.8051 -39.9622

Table45. Values for the argument of periapsis after 2 years

Figure 27 and Figure 28 show the evolution of the inclinatiomnd the semymajor axis of MPO
considering the gravity field of Mercurjeft) and the both perturbing forcesight) respectively.
According to the plots, the amplitude of the periodic oscillations in the inclination and in the semi
major axis, takingpoth effects into account, are slightly langdout the standard deviation is tinier
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Evolution of inclination (scale factor = 1), Evolution of inclination (scale factor = 1),
considering gravity field of Mercury considering gravity field of Mercury and Sun
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Figure27. The evolution of the inclination considering gravity field of Mercury over 2 yledis The evolution of the
eccentricity consigring the gravity field of Mercury and the Sun as a mass point over 2 (yieguts

Evolution of semi-major axis (scale factor = 1), Evolution of semi-major axis (scale factor = 1),
considering gravity field of Mercury
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Figure28. The evolution of the semmajor axis considering gravity field of Mercury over 2 yéeft); The evolution of the
eccentricity coridering the gravity field of Mercury and the Sun as a mass point over 2(yigéits

7.3.2. Radiation pressure andolar system bodies

In addition to the simulations discussed sections7.1 and 7.3.1, the simulationsbased on the
gravity fields with the scale factorvtere performed taken into consideratidhe radiation pressure
and solar system bodies additionally to the geopotential of Mercury and the gravity force ofithe S
The radiation pressurencludes SPR,the thermal radiation pressure and the reflected albedo
pressure. The solar system bodies are represented by Venus;Maah, Mars, Jupiter and Saturn
(seeFigurel?). The number of the simlations was limited to 100 due to the long procesdintg.

Number of Scale

Case . . Consideration of perturbing forces
simulations factor
Case 1 100 1 Gravity field of Mercury
Case 2 100 1 Gravity field of Mercury and gravity of the Sun
Case 3 100 1 Gravity field of Mercury, gravity dhe Sun, RP, solar system bodi

(shortly: all perturbations)

Table46. Descriptiorof the simulations

Table46 describes the three analysed cases. The results of these tbeises were compared with
each other in order to investigate the differences in changes in the orbital elements of MPO. Note
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that 100 simulations in each aasvere taken for the comparison in order to do the analysis
legitimately.

The obtained results shv that the values of the orbital elemestin case3 are very similar to the
values in case ZThe difference in values is very tiapnd accountsapproximatelyfor 0.1 %.For

example, the periherm nominal valua case 3is smaller by 0.2 km than in caseafler 2 years.
Otherwise, the differencebetween the valuegor case 1 and &re appreciable For example, the
nominal value of periherm in case 3 is bigger by 25.6 km than in case 1 after 2 years.

Summarizing the results, the simulations show tlitlais necessary to take the gravitational potential
of Mercury and as well as the gravity force of the Sun into acctamthe prediction of the orbit
evolution of MPO over timehecause they cause the major perturbations in fagellite motion The
other considereddisturbance forcef case 3can be neglected due tdahe very small resulting
acceleration On theother hand, the number of the simulations isa@mall to do the qualitative
analyses. It can only give the primary estimation.

The plots with eviution of the orbital elements and the tables with more detailed information about
the values of the orbital elements for these three cases after 1 and 2 years can be found in Appendix.
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8. Discussiorand conclusion

8.1. Discussion

Within the framework of this bachelor thesis, the simulations for thprediction of the orbital
evolution of MPQin the gravity field of Mercuryvere performed using gravity fields based on the
scale factos 1, 3, 5 and 10Theaim of the simulations is the systematically investigatiointhe
consequences of thgeneratedgravity fields of Mercury which liein the margin of errorof the
gravitational coefficientsXale factos are used for conservative consideration of the estimations for
the harmonic coefficients. The recommegdiscalefactor is between 10 and 1fMazarico et al.,
2014]. For this reason, the simulations using the generated gravity fledded onthe scale factors
10 and 15were executed during the definition of the boundary conditiohBe simulations with the
scale fator 15failed most of the timeas the Integrator stoppethe calculations after short time and
reported the error. This wadue to someextremegravity fields which caused the satellti® crash
into the planet after short time in the orbitAlthough theg generated fields could be considered as
highly unlikely, they are still a possible solution and lie within the margins for the scale fackorl5.
this reasonjt wasdecided to investigat¢he influence of the gravity fields with the scale factor 1, 3,
5 and 10and not to include the simulationsith the scale factor 15.

The scale factors have a linear effect on the evolution of the elements, as it was shown before. By
investigating the scale factors 1, 3, 5 and th@ effect of a scale factasf 15 can beinvestigated In

fact, a higher scale factor will lead to a higher probability that the orbit falls below the critical altitude
of 200 km or even crashes into the planet.

All gravity fields were generatedp to degree and ordeof 50 althoughl00x1® gravity fielé would
have been possibldhe degree and ordereve reduced for two reasons:

Higher terms of the gravity fieldave only a minor effect on the orbital evolution. The terms with
degree and order above 50 have such a sefédict, that they are not noticeable in the resultEhe
second reasomvasto simplify the considered model arid reduce thecalculationtime significantly.

As shown insection 7.3.1, the gravity field of the Sun as a polike mass has alsappreciable
influence on the evolution of the periherm after 2 years. For this reagonattraction of the Sun
had to be included in simulation in order to obtain better and more realistic results

In addition the effect ofother disturbing forcehasbeen analysed. This includd® solarradiation
pressure,the gravitational forces obolar systemplanets like Venus, Earth, Jupiter etcandthe
indirect radiation pressuravhich includesthe thermalradiation pressureand the albeda All these
perturbing forceshave only a minor effect on the orbital evolutiorerRurbations are caused by the
solid tidal forces and propulsivemanoeuvres as well as the relativistic perturbationsre not
considered Adetailed analysis of these forcesuld go beyond th scope of this bachelor thesis.

In a future work, based on the results of this thesis, it could be studied which kind of orbit correction
manoeuvres needs to be performed to maintain the desired altitude of MPO.

8.2. Conclusion

The main acceleration actingnahe motion of MPQs causedoy the gravity field of Mercury. The
performed simulations show that the geopotential of Mercury incregtbe eccentricityof the orbit
which in turn leads t@ decrease in the periherm altitude aredriseof the apoherm respctively. The
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semimajor axis and the inclination remain almost constant over time but have a periodical character
due to the perturbations. Theverall trendin the evolution of the longitude of ascending node is a

slow decrease with periodic fluctuatiorsS O dza S 2F (KS Y2idA2y 2F (KS
rotation. Moreover, the argument of periapsdecreases almost linearlyvhich iscaused by the
North-South mass asymmetry and flattening of Mercury.

The standard deviations, as well as the diffaxes between the minimal and maximal values of the
orbital elements get larger with growing scale factor and over time. The values of the elements lie in
an acceptable range after 1 year while the change, for example, in the periherm after 2 years could
be already considered as critical for the scale factor 1, whereas there is a chance of 0.02 % that the
periherm falls below 200 km. The likelihood that the periherm lies under the critical value after 2
years increases with the rising scale factor and amotmntsl.74 % for the scale factor 3, to 23.69 %

for the scale factor 5 and to 36.21 % for the scale factor 10. Furtherrtiieesatellite ends up with

the collision into the planet in 0.01% of the simulations for the scale factor 5 and in 1.51 % of the
simuations for the scale factor 10.

The maximal and minimal values of the orbital elements for the scale factor 10 can be defined as
extreme. This might be caus®y the extreme gravity fields of Mercury which could exist statistically
but the likelihood of hem is very tiny.

When considering thirdody perturbing force as a poinnass additionally to the gravitational
potential of Mercury an attraction of the Sun has a positive effect on the evolution of the periherm,
i.e. the gravity force of the Sureducesthe increase inthe eccentricity and thedecreaseof the
perihermrespectivelyafter 2 years in the orbit. For examplegnsidering the gravity of the Sun and
the geopotential of Mercty, the perihermends up25.8 kmhigherthan withoutthe attraction of the
Sun. Moreover, the minimal value of the perihermedg Q (i befow 20d km after 2 years when the
gravity of the Suris takinginto account Consideringnly the gravity field of Mercurythe minimal
value of the periherm falls belothis critical alue.

C dzNIi K S NJy 2 NBbbhdy geiiti¢b@tionlinkakeMti® orbit to flatten in the direction of the

perturbing body. It produces secular effects on the argument ofgpsisand the right ascension of

GKS 'a0OSyRAYy3 y2RS¢ ¢ NBealemén® falSdiower thah Dy censiseying = Y I Y
only the gravitational potential of Mercury. Furthermore, the periodic oscillations in-gesor axis

and in inclination aralightlylarger than without considering the attraction of the Sun. Moreover, the

standad deviation of all orbital elements is timigzthenconsidering both perturbing forceasstead of

taking only the gravitational potential of Mercury into account.

By consideration of the radiation pressure and the solar system bodies additionally to the
geopotential of Mercury and the attraction of the Sun, the results of the simulations show that the
S@p2tdziAz2zy 2F GKS 2NbAGFE StSYSyida 2F ath Ay (KA
force. This difference is unappreciable and accountsdofd %, because the radiation pressure and

the solar system bodies masses cawsdy small perturbationson the motion of MPO. For this

reason, these disturbing forces can be neglected by thegliption of the orbital evolution of the

spacecraft.

The results of the performed simulations of ihbachelor thesis arén accordancewith the results
presented in CREMA in which the gravity field of Mercury, the gravity of the Sun and SRP are taken
into account Khan and Rocchi, 20[L8 his thesis expands thesults of CREMA and gives additional
probabilities on how the orbit will evolve.
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Table of acronyms

Acronym Description

BELA BepiColombo Laser Altimeter

CREMA Cornerstone Consolidated Report on Mission Analysis
DLR Deutsches Zentrum fiir Luft und Raumfiah

disode Adam multistep integration method

dop853 integration method

EPPS Energetic Particle and Plasma Spectrometer

ESA European Space Agency

ESOC European Space Operations Centre

GRNS GammaRay and Neutron Spectrometer

GSFC Goddard Space FligBenter

IAUplanet body-fixed equatorial system

ISA Italian Spring Accelerometer

ISAS Institute of Space Astronautical Science

J2000 Earth equator system

JAXA Japan Aerospace Exploration Agency

MAG MAGnetometer

MASCS Mercury Atmospheric and Surfacer@position Spectrometer
MDIS Mercury Dual Imaging System

MercurylAU Inertial Mercury equatorial system

MERTIS MErcury Radiometer and Thermal Infrared Spectrometer
MESSENGER MErcury Surface, Space ENvironment, GEochemistry, and Ranging
MGNS Mercury Gamma-ray and Neutron Spectrometer

MIXS Mercury Imaging Xay Spectrometer

MJD Modified Julian Date

MJD Modified Julian Date

MLA Mercury Laser Altimeter

MMO Mercury Magnetospheric Orbiter

MON-3 Mixed Oxides of Nitrogen

MORE Mercury Orbiter RadigcienceExperiment

MOSIF MMO Sunshield and Interface Structure

MPO Mercury Planetary Orbiter

MPOMAG Mercury Planetary Orbiter MAGnetometer

MTM Mercury Transfer Module

NASA National Aeronautics and Space Administration

PDF probability density function

PDS Planetary Data System

PHEBUS Probing of Hermean Exosphere by Ultraviolet Spectroscopy



https://pds.nasa.gov/
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PlanetlAU inertial equatorial system

RK4 RungeKutta integration method

RKFB RungeKutta-Fehlberg integration method

RP Radiaton pressure

RS Radio Science

SERENA Search for Exospheric Refilling and Emitted Natural Abundance

SIMBIGSYS Spectrometer and Imagers for MPO BepiColombo Integr
Observatory SYStem

SIXS Solar Intensity Xay and particle Spectrometer

SRP solar radation pressure

XRS X-Ray Spectrometer

Table of symbols

Symbol Description Unit

GM gravitational coefficient —

o ,7Y spherical harmonic coefficients -

a semimajor axis km

e eccentricity -

[ inclination °

K the longtude of the ascending node °

. argument of periapsis °

M mean anomaly °

h right ascension °

1 declination °

" standard deviation -

i periherm km

u nominal value -

i ,i,i,i,i,i,i |surface areas of thepacecraft a

k number of concentric rings -

¢ forAT M3 XX { | number of surface segments -

& number of additional surface segments in the outer rings | -

i apoherm km

i reference radius of Mercury km

F Gravitational force

m Mass of the satellite kg

r distance between the centres of mass km

: o a

G universal gravitational constant ——
Qi

. . Qa

[ acceleration —
A

. : . . Qd

i accelerationdue to gravity forces of bodies —
Qa

acceleraton due to higher terms of the geopotential
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i accelerationdue to radiation pressure %]
. , . Qd
i accelerationdue to atmospheric drag —
‘ . . aa
i accelerationdue to tilt forces —
. . — . aa
Y gradient of gravitational potential —
Y gravitational potential ﬂ
i
6auv density at some point s T)%Q
0 0 Legendre polynomiaif degree n -
<z geographic longitude km
%9 %0 geographic latitue km
) Kronecker delta -
0 associated Legendre polynomial of degree n and order m | -
of Y normalized spherical harmonic coefficients -
o : Qa
Vp velocity in periherm —
Va velocity in apoherm %]
T orbital period hours
hp perihermaltitude km
ha apoherm altitude km
Q Q) Three dimensional coordinates km
0,0,0 Threedimensionalelocity vector %3(
N Number of simulations -
of Nominal value -
W Value of the data set -
[ Maximal value of periherm based on standard deviation km
[ Minimal value of periherm based on standard deviation km
(IS Initial value of periherm km
[ Nominal value of periherm km
[ Minimal value of periherm km
[ Maximal value of periherm km
Q Nominal value of eccentricity -
Q Initial value of eccentricity -
Qp Minimal value of eccentricity based on standard deviation | -
Qp Maximal value of eccentricity based on standard deviation | -
Q Minimal value of eccentricity -
Q Maximal value of eccentricity -
[ Nominal value of apoherm km
[ Initial value of apoherm km
[ Minimal value of apoherm based on standard deviation km
[ Maximal value of apoherm based on standard deviation km
[ Minimal value of apoherm km
IS Maximal value of apoherm km

Initial value of argument of periapsis

Nominal value of argument of periapsis

Minimal value of argument of periapsis based on standard




64

deviation

Maximal value of argument of periapsis based on standard
deviation

Minimal value of argument of periapsis

Maximal value of argument of periapsis

Initial value of longitude of ascending node

Nominal value of longitude of ascending node

Minimal valie of longitude of ascending node based on
standard deviation

Maximal value of longitude of ascending node based on
standard deviation

Minimal value of longitude of ascending node

clc| o cleoel

Maximal value of longitude ofsaending node

Change in longitude of ascending node

°/s

Change in argument of periapsis

°ls

Minimal value of change in argument of periapsis

°/s

Maximal value of change in argument of periapsis

°/s

Minimal value of change in eccentricity

1/s

Maximal value of change in eccentricity

1/s

Change in eccentricity

1/s

semtlatus rectus

km

mean motion

1/s

<Pl

ttlrySiQa NI RAdz

km

Periherm value based orousideration of the gravity field g
Mercury and the gravity of the Sun

km

Eccentricity value based on consideration of the gravity f
of Mercury and the gravity of the Sun

Apoherm value based on consideration of the gma¥i¢ld of
Mercury and the gravity of the Sun

km

Value of longitude of ascending node based on considerg
of the gravity field of Mercury and the gravity of the Sun

Value of argument of periapsis based on consideration of
gravity field of Mercury and the gravity of the Sun

Value of longitude of ascending node based on considerg
of all perturbations

Value of argument of periapsis based on consideration o
perturbations

Eccentricity value based on consideration of all perturbatio
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Appendix

Appendix1 ¢ Bvolution of the orbital elementse, », a, i, Kand
. dependent on degree and order dhe gravitational harmonic

coefficients

Evolution of eccentricity
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Figure29. Evolution ofthe eccentricitydependent on the degree and order of gravitatal harmonic coefficientsver 2
years
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Evolution of apoherm
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Evolution of inclination
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Figure32. Evolution of the inclination dependent on the degree and order of gravitational harmonic coefficients over 2 years

Figure33. Evolution of the longitude of the ascending node dependent on the degree andbgtewitational harmonic
coefficients over 2 years

































