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Abstract

Located in stability regions around the Sun-Jupiter Lagrangian points L4 and L5,
the Trojan asteroids of Jupiter are among the most fascinating celestial bodies of
the Solar System, being potentially primordial objects that could bring to light
new and unprecedent discoveries on the creation and evolution of the Solar System.
This thesis work is developed with the collaboration of the CRASH Lab of The
State University of New York at Buffalo and with support of NASA-JPL. It focuses
on the orbital mechanics analysis and simulations about the creation of potential
stable orbits, within highly perturbated dynamic environments around these types
of asteroids and so, for potential direct Exploration of a Jovian Trojan Asteroid,
which has never been done before. Understanding how CubeSats can find stable
orbits over time is crucial for the creation of an orchestrated swarm constellation
with the aim of scanning and mapping the irregular asteroid’s surface. Despite
the actual bilobed shape and other very asymmetrical shapes of some Jupiter’s
Trojan asteroids, a more even gravitational field has been used into the model for
all the propagations, taking into account gravity spherical harmonic coefficients for
a triaxial ellipsoid shape of the central body. Not only perturbations for a non-
spherical shape have been used into the model, but also third body effects, among
which certainly those of Jupiter and the Sun. Finally, the estimated fuel consump-
tion and the AV required by each CubeSat have been calculated for forming an
orchestrated swarm constellation, covering totally the surface of the asteroid and
for potentially landing on the terrain after the main operational phase, with the
remain fuel onboard. This last, final phase, has the objective to continue all the
various scientific measurements using onboard instruments, such as a spectrometer
of mass, a gravimeter and a seismometer.
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Chapter 1

Introduction and Scientific
Background

1.1 Introduction

Asteroids are celestial bodies that are attracting more and more interest from the
scientific and space community during the last decade. Asteroids are small-medium-
sized rock bodies located in different areas inside and outside the Solar System. The
first asteroid ever that humans were able to detect was discovered unintentionally.
On 1 January 1801, the Italian astronomer Giuseppe Piazzi, from the astronomical
observatory placed in Palermo, intercepted the very slow motion of a celestial body,
at a distance of 2.8 AU from the Sun, in the so called Main Belt area. Astronomers
and Piazzi himself decided to name it Ceres, or 1 Ceres, in honor of the Roman
goddess Ceres, protector of wheat and Sicily. Ceres is also the largest asteroid
known in the Main Belt, as its diameter is about 900-1000 km. One year after the
discovery of the first asteroid, on 28 March 1802 the German amateur astronomer
and doctor, Wilhelm Olbers, discovered the second asteroid, called 2 Pallas, after
Pallas Athena, the Greek goddness of wisdom [6]. Currently, the scientific commu-
nity is aware of a total of about 1,070,164 asteroids inside and outside the Solar
System. Among these the largest asteroids in size, in addition to 1 Ceres, are 4
Vesta, 2 Pallas and 10 Hygiea with diameters between 400 and 525 km. All other
asteroids are smaller than 340 km.

Despite the initial asteroids were discovered orbiting around the Sun in the same
spatial region between Mars and Jupiter, called Main Belt and described in the
following Paragraph 1.2.1, the work of this thesis is focused mainly on a different
types of asteroids, much further away from Earth than the first discovered. They
are called Trojan asteroids and they are trapped around similar orbits of the huge

1



Introduction and Scientific Background

(a) 1 Ceres [939 km] (b) 4 Vesta [525 km]

(¢c) 2 Pallas [512 km]

Figure 1.1: The three largest asteroids in size. 1 Ceres [939 km|, 4 Vesta [525 km)|,
2 Pallas [512 km]|. (Image Credits: Wikipedia)

gas-planet Jupiter. Among these asteroids there is the asteroid named (624) Hek-
tor. It is the largest Jupiter’s Trojan asteroid and one of the most elongated bodies
in the Solar System with its longest dimension to be about 403 km while the other
two dimensions are approximately 201 km, with a total volume equivalent to those
of a sphere of radius 256.12 km. It is thought to be a contact binary asteroid
(bilobed shape model), although there is no certainty about its size and its actual
shape. This situation of uncertainty is due to the fact that our knowledge about
these rocky bodies is only based on observation from Earth (ground observations)
and in-orbit observations with the use of telescopes, such as Hubble Space Tele-
scope and Spritzer Space Telescope. For that reason, only a direct mission with
high science return towards these small, dark and far away celestial objects, can
really help the scientific community to better understand their physical, chemical
and thermal properties.

The study of Jupiter’s Trojan asteroids through the development of a completely
dedicated mission, as has never been done before, is considered to be of fundamen-
tal importance to dissolve the many doubts regarding this type of asteroids, such

2
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Figure 1.2: Artistic representation of the largest Jovian Trojan asteroid, (624)
Hektor.

as their origin, composition, evolution and also their relation with the formation of
the planets in the Solar System.

The dynamic environment around irregular asteroids is one of the most perturbed
in the vicinity of the celestial body because of consequent very irregular gravita-
tional field, within which a spacecraft, or a fleet of satellites, must orbit to perform
science measurements of mapping and scanning the surface of the asteroid target.
The main objective of this thesis work is therefore to determine, simulate and
analyze the orbital mechanics for the creation of a swarm constellation of small
satellites, called CubeSats, within the dynamic environment around Trojan aster-
oids. This is possible understanding sequentially which are the most stable areas for
spacecrafts to orbit for a reasonable mission period, in accordance with the amount
of time to cover the majority of the surface of the asteroid. Also, after this first
operational phase of the mission is completed, analyses about a potential landing
phase of some or of the entire fleet of CubeSats have been also studied. The reason
to land on the surface of an asteroid is that CubeSats can take more detailed maps
and higher resolution pictures of the asteroid while the descending phase and when
landed they can continue science measurements with also potential studies of the
internal structure through the use of all the vibrations created at the impact with
the terrain.

In addition, the following questions have been analyzed trying to give them an
answer:

e Is it possible to conduct scientific operations around a Jupiter Trojan asteroid
using small satellites, like CubeSats?

3



Introduction and Scientific Background

e [s it feasible to use CubeSats for deep space missions?

e After orbiting for a certain period of time, is it feasible for CubeSats to land
softly on the surface of a Jupiter Trojan asteroid in order to continue the
scientific measurements?

1.2 Asteroid Classification

Asteroids are medium-small sized, rocky celestial bodies, with the lack of any at-
mosphere, orbiting around the Sun in different areas both inside and outside the
Solar System.

There are two different classifications of these objects, of which the first is based
on the spatial region in which they are located, while the second refers to the type
of chemical composition of the materials of their surfaces and their internal layers.

1.2.1 Spatial-Orbital Classification

The first classification for asteroids, in general, is related to the area in which they
orbit around the Sun. Starting from the ones close to the Earth and moving towards
the outer zone of the Solar System, there are:

e Near Earth Asteroids (NEAs): By definition, near-Earth objects (NEOs), in
this case near-Earth asteroids, are those bodies orbiting with a perihelion
(orbital closest approach to the Sun) less than 1.3 AU. When objects like these

cross the Earth’s orbit and are larger than 140 meters, they are considered
Potentially Hazardous Objects (PHO). [26]

e Main Belt Asteroids: Most of the know asteroids (about 75%) until now are
found in the Main Belt, but nevertheless these asteroids are fortunately suf-
ficiently spaced (millions of kilometers) due to the large volume of the belt
between Mars and Jupiter. Among them there are large asteroids like Ceres,
Vesta, Pallas and Hygiea. Their orbit is located between the orbits of the
planets Mars (1.524 AU) and Jupiter (5.209 AU), but the majority of them
lies in the region between 2.12 AU and 3.3 AU.

e Trojan Asteroids: these type of asteroids are trapped into orbits around the
Sun with similar orbital parameters of a larger body, such as planets (Jupiter,
Neptune, etc) or large moons. These asteroids have stable orbits approxi-
mately 60° ahead or behind the reference body around its Lagrangian points
L4 and L5. Trojan Asteroids are also called co-orbital objects as they orbit
around the barycenter of the system Planet-Sun with the same orbital period
of the planet, remaining stable over time. The reason is that they are much
smaller objects then the reference planet and the Sun (which they orbit about

4
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Figure 1.3: Main Asteroid Belt between the orbits of Mars and Jupiter. (Image
Credits: Lunar and Planetary Institute/NASA).

their common barycenter) and are subjected to a combined gravitational force
that acts through this barycenter. Being co-orbital asteroids means they are
in a 1:1 mean-motion resonance with the Reference Planet. Close to the orbit
of Jupiter, there are also a different type of asteroid, called Hilda asteroids,
which are in a 3:2 mean-motion resonance with the gas-planet [19], ad shown
in the following Figure 1.4:

e Centaurs Asteroids: Asteroids which orbits is between the orbit of Jupiter
(5.209 AU) and Neptune (30.06 AU). They are also called Cis Neptunian
asteroids, as they are within the orbit of Neptune.

e Trans Neptunian Objects: These type of asteroids orbit around the Sun with a
semimajor axis greater than 30.06 AU, as they are beyond the orbit of Neptune.
There are two sub-groups: Kuiper Belt objects (30-55 AU) and Scattered Disc
Objects (very eccentric and inclined orbits). [28]
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Hildas

Figure 1.4: Jupiter’s Trojan asteroids divided into two groups: the group behind
Jupiter (Trojan camp, L5 lagrangian point) and the group beyond Jupiter (Greek
camp, L4 lagrangian point). Both groups share the same orbital period of Jupiter.
Hildas asteroids instead have an orbital period 2/3 of that of Jupiter. [28]

1.2.2 Composition-Taxonomical Spectral Classification

The chemical composition (mineralogy, size and structure of the crystalline grains,
etc.) of the surface of asteroids depends heavily on the distance from the Sun and
so on the region of the Solar System in which they were created. When sunlight hits
the surface of an asteroid, the electromagnetic waves go through the inner material
which can absorb or reflect the radiation at certain wavelengths depending on the
chemical elements and minerals of the superficial layers of the asteroid. [17]
Tholen Classification

The main classification related to taxonomy was proposed in 1984 by David J.
Tholen. It is divided into 3 large complexes, defining 14 broad classes (A, B, C, D,
E,F,G, M, P, Q, R, S, T, V). Also, it covers the wavelength range of 0.34 — 1.04
pm. [30]

The 3 large complexes are the following:

e C-type asteroids: it represents asteroids with mainly "carbonaceous chon-
drite", so carbonaceous rocks (carbonacee) characterized mainly by clay, min-
erals and silicates. The main region of the Solar System where C-type asteroids

6
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can be found is the Main Belt and an example of C-type asteroid is 10 Hygiea.

e S-type asteroids: it refers to asteroids with composition mainly of silicaceous.
These rock materials consist mainly of nickel-iron and magnesium-silicate. Un-
like the dark asteroids (low albedo) of the first complex, these asteroids are
moderately bright and have a typical albedo of 0.2. The principal region in
the Solar System were these bodies can be found is mainly at distances of 2.2
AU - 3 AU from the Sun.

e X-type asteroids.
Additionally, there is another call that does not into these 3 macro complexes:

e D-type asteroids: they characterized by a very low albedo ( 0.03-0.04) and are
bodies whose organic composition is marked by the presence of silicates, carbon
and anhydric silicates. Their spectrum is neutral to reddish at wavelengths
< 0.55 pm, while it is very red > 0.55 um. Their location is the outer belt of
the Main Belt and beyond, in fact most of the Jupiter’s Trojan Asteroids are
D-type asteroids. (624) Hektor is an example; [1]

As described, most of Trojan asteroids of Jupiter are very dark celestial bodies (very
low albedo equal 0.03-0.04) with a red spectrum, therefore difficult to observe only
from Earth, very irregular in shape and they share many spectral characteristics
along with comets, centaurs and trans-Neptunian objects. For this reason, as there
has not yet been a mission completely dedicated to the study of these asteroids
sending satellites into orbit to study their physical and chemical properties, all
the data possessed up nowadays by the scientific community are neither certain nor
complete. The following Figure 1.5 shows an artistic representation of various layers
that are part of the inner structure of the asteroid (624) Hektor with the presence
of pyroxene rich in magnesium and elemental coal, which is a mix of graphite and
amorphous carbon and can be extracted on the surface of the asteroid through
organic carbon dehydrogenation. As shown below, the potential shape is bilobed,
in fact it is defined as binary contact asteroid:

1.3 The Jovian Trojan Asteroids

Trojan asteroids are a class of asteroids that share the orbit with a major planet
and are not potentially dangerous for collisions as they are trapped near the L4
and L5 Lagrangian points of the Sun-Planet system. Generally, speaking of Tro-
jan asteroids means referring to those particular rocky bodies that are subject to
the gravitational attraction of Jupiter, but in reality also for other planets, such
as Neptune and Mars, have been discovered Trojan asteroids. As for the Earth,

7
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Figure 1.5: Artistic representation of the internal Structure for the binary contact
asteroid (624) Hektor. [12]

NASA in 2010 announced the observation of the first terrestrial Trojan asteroid.
So to date, the scientific community is aware of over 7000 Jupiter Trojan asteroids,
14 Martian Trojan asteroids, 21 Neptunian Trojan asteroids, and only one Earth
Trojan asteroid. All of these Trojan asteroids have in common the fact that they
have an orbital motion around the Sun almost coplanar with the orbit of their ref-
erence planet (Jupiter, Neptune, Mars, Earth), thus presenting a 1:1 mean-motion
orbital resonance with it. In general, there are two groups of Trojan asteroids,
called Trojan clouds, which are beyond (around the lagrangian point 14 of the sys-
tem) and behind (near the lagrangian point L5 of the system) the reference planet
in its orbit, both spaced about 60 degrees from the planet and the Sun-Planet line.
The following Figure 1.6 shows the situation just described in the case of Jupiter
Trojan asteroids:

Jupiter’s Trojan asteroids are also celestial bodies that have very uncertain physical
characteristics and properties, size, origin and evolution, not yet well investigated
and studied closely, which makes them one of the most fascinating and interesting
bodies to study throughout the entire Solar System. This demonstrates the need
to analyze them even deeper through a mission directly developed for the study
of these rocky bodies. The great promise of exploration of Trojan asteroids was
recognize by the previous Decadal Survey and amplified by the NOSSE update of
2007, which elevated a Trojan asteroid mission to the list of New Frontiers-worthy
missions, a recommendation followed by NASA in the NF3 round.

Basing on observation from Earth, the physical properties of these Jupiter’s Trojan
asteroids are the following [8]:

e Albedo: it is in the range of 0.03 — 0.07. However, recent observation with the

8
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Figure 1.6: (Left): Trojan Asteroids leading (L4) and trailing (L5) groups. (Right):
Geometry in the Sun-Jupiter system. [31]

Spritzer Space Telescope showed that the 2% of these celestial bodies have a
relatively high albedo of about 0.15.

e Rotation: currently, no Jupiter’s Trojan asteroids have been discovered with
a rotation period of less than 4.84 hours. In fact, the main asteroid used as
central body in this thesis work is (624) Hektor and its rotation, around its
axis of greatest inertia, the z-axis, is equal to 0.0144498 deg/sec, or 6.9205
hours.

e Irregular shape and dimensions: except (624) Hektor, as its maximum and
minimum dimensions are equal to 403 km and 210 km, among the Jovian
Trojan asteroids only other 9 asteroids have diameters greater than 100 km.

Also, (624) Hektor is one of the a few Jupiter’s Trojan asteroids to have its own
natural moon, orbiting around it with a mean distance of 957.5 km and an orbital
period of 2.965079 days. This moon is called Skamandrios and it has a very inclined
orbit, approximately 50.1 degrees from the orbital plane of (624) Hektor. The
following Figure 1.7 shows the results of several observations of the (624) Hektor
— Skamandrios (which is depicted inside the green circle) system taken with W.M.
Keck Telescope using adaptive optics:
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Figure 1.7: Nine adaptive optics observations of the binary system (624) Hektor -
Skamandrios. [11]

1.3.1 Origin of the Jovian Trojan Asteroids

The origins of the Jovian Trojan asteroids are uncertain, there are many theories
that try to solve this dilemma, but none of these seems to be clearly prevalent over
the others. One of the main reasons that drives the scientific community to study
these asteroids more deeply is the possibility that these bodies have preserved the
primordial physical and chemical characteristics of the solar nebula. Trojan aster-
oids could therefore be the remnant of planetesimals that populated the embry-
onic proto-Jupiter region and their composition, remaining unaltered, could resolve
many doubts about the formation of gas-planets and the creation and evolution
of the Solar System. There are several recent theories about the capture of these
celestial bodies in the region around Jupiter. One of these proposed that Jupiter
Trojan asteroids were created by the collision of planetesimals and fragments were
captured in orbit around Jupiter, in the region where they are currently located,
or it could have been caused by the dissipative gas resistance of the nebula that
caused small celestial bodies to move to regions (Tadpole orbits) where the popula-
tion could grow due to the continuous collisions between them. The other reasons
related to the capture mechanism of the planetesimals concern the change of the
physical and orbital properties of the gas-planet Jupiter:

10
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1. The growth of the planet Jupiter, with the consequent expansion of the La-
grangian regions, led to the capture in stable regions of some planetesimals
fragments around its orbit;

2. Small displacement of the planet;

3. 2:1 orbital resonance activation between Jupiter and Saturn, making the pri-
mordial Trojan orbits chaotic by trapping them in Tadpole orbits;

4. Close encounter with another planet, causing changes to the semi-major-axis
over a period of instability. This mechanism would lead to the capture of some
planetesimals due to their sudden displacement within the Tadpole regions of
the planet and this could explain the asymmetry between the L4 and L5 re-
gions.

The previous models on capture and therefore on the origin, due to also the gas
drag and the expansion of the regions Tadpole around the Lagrangian points, pre-
sented however the problem of captures with high inclination of the orbits of the
Trojan asteroids, which normally varies between 0-35 degrees, while the mechanism
in this first theory involves the capture of planetesimals with low inclination.

Another reference model on the origin and evolution of Jupiter Trojan asteroids is
called the Nice Model. In the Nice Model [2] it is assumed that the gas-planets were
initially in close quarters with almost circular and almost coplanar orbits (Fig.1.8
a), and then diverged due to the dispersion of planetesimals, initially present beyond
the orbit of Neptune. This divergence, increasing the radius of their orbits, led to
the activation of the 1:2 resonance between Jupiter and Saturn (the orbital period
of Saturn around the Sun is the half of the orbital period of Jupiter) causing some
changes of eccentricities of the orbits and destabilizing the entire planetary system.
Later, the close encounter with Uranus and Neptune also increased their eccen-
tricities (Fig.1.8 b), leading them to lose trans-Neptunian original objects (Fig.1.8
c), sending them all over the place, including into the inner part of the Solar Sys-
tem and around the Tadpole Lagrangian regions of Jupiter. Finally, continuing
their divergence, the resonance period between Jupiter and Saturn ended, causing
immediate stability around the Lagrangian regions (Fig.1.8 d). To conclude this
paragraph, there are also alternative other theories about the origin of these Trojan
asteroids, such as the one that foresees that they are comets captured during the
evolution of the Solar System or the one that sees them as fragments belonging to
the Jupiter’s satellites captured in orbit around the Lagrangian points. The study
of the origin of Trojan asteroids can therefore be of fundamental importance to
the understanding of how Jupiter was formed over time, creating itself initially due
to the accumulation of planetesimals and growing in shape and size thanks to the
expansion of gases. This has been possible thanks to the increase of regions around
the Lagrangian points L4 and L5 and consequentially also of the gravity of the
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Figure 1.8: Nice Model four mechanism: (a) In the early configuration the four
giant planets were on circular and coplanar heliocentric orbits (colored circular
orbits) and the planetesimals were beyond the orbit of Neptune (disk of green dots
between 15.5 AU and 34 AU); (b) Activation of the 2:1 mean-motion resonance
between Jupiter and Saturn and close encounter between Neptune and Uranus,
causing changes in eccentricities of the orbits; (c) Situation just after the scattering;
(d) Situation after 1.2 Gyr, when only 3% of the initial trans-Neptunian objects is
left and the planets have achieved their final heliocentric orbits. [2]

gas-planet. With such a scenario, the theory of the capture of planetesimals due to
the growth of Jupiter seems to be the most plausible and correct.

1.3.2 Orbital properties of the Jovian Trojan Asteroids

Jovian Trojan asteroids have heliocentric orbits with a semi-major axis similar to
that of the gas-planet Jupiter, approximately 5.2571 AU. The gravitational force of
Jupiter is such as to accelerate and decelerate these celestial bodies, forcing them
to hover or to oscillate within particular regions around the Lagrangian points of
equilibrium L4 and L5. These stable regions extend about 26 degrees (in terms of
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distance equal to 2.5 AU) along the orbit of Jupiter and the largest width is equal
to 0.6 AU. The peculiarity of these orbits is that they have a greater inclination
than that of Jupiter and can sometimes reach even 40 degrees from Jupiter’s orbital
plane. Due to their libration movement, Jovian Trojan asteroids periodically tend
to move closer and farther away from the gas-planet. Their orbits are called Tad-
pole, with an average libration period of 150 years. The libration amplitude can
vary in a range of 0.6 — 88 degrees, with a mean value of 33 degrees. The following
Figure 1.9 summarize the orbital parameters of the first 10 largest Trojan asteroids
(listed above) at Epoch 01 July, 2021 (JD = 2459396.5), in terms of semimajor axis,
eccentricity and inclination, comparing them to the orbital parameters of Jupiter:

Semimajor Axis [AU]

(1143) Odysseus
(1437) Diomedes
(1172) Aneas
(1867) Deiphobus
(3317) Paris
JUPITER

(2451) Mentor
(588) Achilles
(911) Agamemnon
(617) Patroclus
(624) Hektor

53,0500 5,1000 5,1500 5,2000 5,2500 5,3000

Figure 1.9: Comparison of the Semimajor Axis between the 10 largest Jovian Trojan
Asteroids and Jupiter. (624) Hektor is the second closest to the gas planet, while
(1143) Odysseus is the first.
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Eccentricity

(1143) Odysseus I
(1437) Diomedes I
(1172) Aneas I
(1867) Deiphobus I
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(911) Agamemnon
{6217 Patroc s |
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Figure 1.10: Comparison of the Eccentricity between the 10 largest Jovian Trojan
Asteroids and Jupiter. (624) Hektor is the only Jovian asteroid with an eccentricity
less than 0.04. This means it has an almost circular orbit around the Sun.

Inclination [degrees]

(1143) Odysseus
(1437) Diomedes
(1172) Aneas
(1867) Deiphobus
(3317) Paris
JUPITER mm
(3451) Mentor
(588) Achilles
(911) Agamemnon
(617) Patroclus
(624) Hektor
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Figure 1.11: Comparison of the Inclination (with respect to the x-y ecliptic plane)
between the 10 largest Jovian Trojan Asteroids and Jupiter. These asteroids have
heliocentric orbits with inclination much greater than Jupiter.

1.4 Why a mission towards Jovian Trojan Aster-
oids?

1.4.1 Motivation

Jovian Trojan asteroids could potentially be primordial objects, the so called plan-
etesimals objects, trapped by the gravi%tional field of the largest planet in the
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Figure 1.12: Heliocentric orbit of the two Trojan groups: Trojan Camp and Greek
Camp. [30]

Solar System, Jupiter, and Sun in a pitch perfect balancing act. It is thought that
these potential primordial objects were originated during the creation of the outer
planets inside the Solar System and used by these planets for their original accre-
tion and their elaboration, like Jupiter and Saturn, as described in the previous
paragraph. It is therefore presumable to think that these objects have not changed
so much over time and that they retain real keys to a better understanding of the
evolution and creation of the Solar System. Studying these bodies could therefore
bring to light:

e New knowledge related to the initial physical conditions of the first solar neb-
ula;

e How the planets have developed over time;
e How the planets have moved within space and over their evolution;

e The relation between Trojan asteroids and the origin of organic materials on
Earth triggering the creation of living organisms.

It can also dispel any doubts about their real origins and the area to which they
belong, revolutionizing the knowledge of planetary origins and the formation of the
entire Solar System [10]. A direct mission to Jovian Trojan asteroids would be of
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utmost importance to improve our understanding of these primordial objects. The
main problem is that, up to now, the only two ways scientists have had to study
these objects are based on:

1. In-orbit (around Earth) observations with the use of telescopes, such as the
NASA’s Hubble Space Telescope and the NASA’s Spritzer Space Telescope;

2. Ground-based spectroscopic observations detecting surface reflectance prop-
erties of asteroids. Several ground-facilities are used to observe these bodies.
Some of them are the following:

(a) W. M. Keck Observatory: it is a part of the Mauna Kea Observatories in
Hawaii

Figure 1.13: Keck Observatory for ground observations of Trojan asteroids. [22]

(b) La Silla Observatory, located in Atacama desert, Chile: it is the European
Southern Observatory (ESO) original observation site;

(¢) Zwicky Transient Facility (ZTF): it is the successor of the Palomar Tran-
sient Facility, in California, United States.

Unfortunately, these two methods to observe Jupiter Trojan asteroids, which are
dark, small bodies and far away from Earth, do not allow scientists to grasp all the
details on the surface of asteroids for many reasons, such as:

e Possible uncertainties coming from observational errors;

e Ground-based observations limited by the turbulence of the Earth’s atmo-

sphere. However, astronomers can solve the issue by using a new technology,
called Adaptive Optics (AO).
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Thus, a potential direct mission towards these types of celestial bodies could means
to develop new methods for scanning and mapping in a much closer way the sur-
faces, involving the design of swarm constellations of small satellites like CubeSats,
orbiting around a Jovian Trojan asteroid. The new challenge here is related to
the ability of CubeSats to orbit within the highly perturbed dynamical environ-
ment due to the irregular shape and gravitational field of the asteroid target. Up
to now, CubeSats have never been involved in such deep space missions towards
orbits with semimajor axis of about 5.2 AU (Jupiter’s orbit), certainly beyond the
sphere of influence of Earth (1.496505e+6 km or 0.01 AU). So far, only 2 missions
have actually tested small satellites at great distances from Earth, and they are the
following;:

e Mars Cube One (MarCO) mission: the main goal for this mission has been to
prove the possibility of using a small satellite on a deep space mission testing
its response inside a highly radiative environment and its ability to perform
small maneuvers for corrections. [24]

e Interplanetary Nano-Spacecraft Pathfinder in Relevant Environment (INSPIRE)
mission: in this mission a nano-satellites has been placed in a Earth-escape
orbit for testing it in a deep space environment. Additional goals have been
aimed to demonstrate telecommunication and navigation ability of small satel-
lites away from Earth [21].

1.4.2 Main past, current and future Missions to asteroids

Near (from 1996 to 2001)

The Near Earth Asteroid Rendezvous - Shoemaker (NEAR Shoemaker), was de-
signed to study the near Earth asteroid Eros from close orbit over a period of a
year. The mission was the first-ever to orbit an asteroid and to touch down on the
surface of an asteroid. The primary scientific objectives of NEAR were to return
data on the bulk properties, composition, mineralogy, morphology, internal mass
distribution and magnetic field of Eros. Secondary objectives include studies of
regolith properties, interactions with the solar wind, possible current activity as
indicated by dust or gas, and the asteroid spin state. This data have been used to
help understanding the characteristics of asteroids in general, their relationship to
meteorites and comets, and the conditions in the early Solar System.

Dawn (from 2007 to 2018)

Dawn is a mission designed to rendezvous and orbit the asteroids 4 Vesta and
1 Ceres. The scientific objectives of the mission are to characterize the asteroids’
internal structure, density, shape, size, composition and mass and to return data
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NEAR Shoemaker Final Descent
from 35-km Orbit

View from Sun

Figure 1.14: NEAR mission: NEAR’s descent from 36 km orbit. [24]

on surface morphology, cratering, and magnetism.
Osiris-Rex (from 2016 to now)

The target of this mission is the near-Earth asteroid 101955 Bennu. The pri-
mary scientific objectives of the mission are: Mapping the global properties, chem-
istry, and mineralogy; Document the texture, morphology, volatile chemistry, and
spectral properties of the sample site; Measure the orbit deviation caused by non-
gravitational forces (Yarkovsky effect); Characterize the integrated global proper-
ties of the asteroid for comparison with ground-based observations.

In order to accomplish these science objectives, the spacecraft performed a series of
flybys within about 7 km of the surface of Bennu every 48 hours to refine gravity
measurements. |[10]

Lucy (from October 2021 to - )

The Lucy mission is a NASA mission to reach and study closely various celes-
tial bodies including 6 Jupiter Trojan Asteroids (four single body and one binary
asteroids) through a series of fly-by around them, which will last a few hours near
the periapsis. In the L4 cloud, Lucy will visit (3548) Eurybates and its satellite,
(15094) Polymele, (11351) Leucus and (21900) Orus [3]. While, in the L5 cloud,
the spacecraft will encounter the binary system (617) Patroclus-Menoetius. This
mission has four main scientific objectives related to Surface geology, Surface color
and composition, Interiors and bulk properties, Satellites and rings. [20] [23]
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Frame rotating with Jupiter

Figure 1.15: Lucy Mission: Lucy’s orbital path. (Credits: Southwest Research
Institute) [23]

OKEANOS

To conclude this Paragraph, a mission called OKEANOS (Oversize Kite-craft for
Exploration and Astronautics in the Outer Solar System) was a Japanese mission
concept proposed in 2010 to closely study Jupiter’s Trojan asteroids using a solar
sail and an ion Thruster as the main propulsion. The mission was designed also to
land on the surfaces for in-situ analyses by either a direct contact or using a lander
carrying a high-resolution mass spectrometer. [9]

19



Introduction and Scientific Background

20



Chapter 2

Orbital Mechanics and
Perturbations

2.1 The Two Body Problem

Before analyzing the actual orbital propagations for one and more CubeSats around
a Jupiter Trojan asteroid, a good starting point for the study of the orbital me-
chanics is the so called Two Body Problem. Here, the Newton’s second law and the
gravitational law are put together with the three Kepler’s laws. The first Kepler’s
law says that all the bodies tend to remain stationary or with uniform motion if
they are not subject to any external force or if the sum of external forces is zero.
The second law says that the time derivative of linear momentum is proportional
to the applied force. Considering a fixed mass system, it is possible to write the
following formula:

d(mv)
F = =ma 2.1
> F==4 (2.1)
assuming that m is the mass of the body and that it is constant over time. The
following Figure 2.1 shows the geometry for a fixed mass system considering only
gravitational forces between two bodies (a satellite and a planet for example) with
spherical shapes and with their point mass concentrated in the center of gravity:
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Figure 2.1: Two Body (celestial body M and satellite m for example) system ABC
with its origin in the center of gravity of the main mass M. [15]

Let’s consider now an ideal fixed inertial system in the inertial space in order to
obtain the equation of motion for the two body problem:

K )

pet>

Figure 2.2: Two Body system IJK with respect to the inertial system XYZ. [14]

Now, instead of considering the ideal inertial frame ABC in Fig. 2.1, it is convenient
to consider the coordinate system IJK shown in Fig. 2.2. Also, in thls thesis work,
the main central body has been considered as a Jupiter Trojan asteroid since one
of the main goals is to study the orbit mechanics around these types of asteroid.
With that inertial system and considering the largest Jupiter trojan asteroid (624)
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Hektor as the main body, the Newton’s gravitational law for the gravitational force
of the central body acting on the satellite can be written as follows:

- Gmygmge T

Fp=——"7—(- 2.2

| = — Tt (22)

where G is the universal gravitational constant, my and mg, represent the mass of
the asteroid (624) Hektor and the mass of the generic satellite orbiting around it.
With reference of the above Fig. 2.2, the vector from the asteroid to the satellite
is the following:

FHsat = Fsat - 7_,»H (23)

where 7, and 7y are the displacement vectors of the satellite and of the asteroid
with respect to the origin of the coordinate system XY Z.

The second derivatives lead to the acceleration of the satellite with respect to the
center of the asteroid:

%Hsat - }_}sat - FH (24)

Now, the Newton’s second law and the gravitational law can be used to obtain the
inertial forces:

—

F,

o N o GmHmsat T
gsat — MsatTsat = —

(=) (2.5)

72 r

—

B 5 Gmymga T
gH =Myryg = ———5

() (2.6)

r T

Focusing the attention now to the relative motion between the two bodies, it is
convenient to subtract the two equations:

f’

A - G(my + mgar)
r=Tsqt —TH = — (

72 r

) (2.7)

For simplicity, let’s introduce the gravitational parameter, u. It is defined as the
product between the universal gravitational constant G and the mass m of the
body, so u = G * mpy. Also, assuming that the mass m of the satellite is much
smaller of the central asteroid body (in this case the asteroid (624) Hektor), it is
possible to neglect in the equation the term mgq,:

7= —T—’é(;) (2.8)

The equation just wrote is the basic equation of the Two body dynamic.

Using the Two-Body model, the following Figure 2.3 has been obtained using the
software Systems Tool Kit (STK), showing a circular orbit propagation for a generic
satellite around a generic Jovian Trojan asteroid. As expected, the trend of the
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Figure 2.3: Orbit propagation around a Jovian Trojan asteroid with respect to the
inertial reference system of the asteroid.
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Figure 2.4: Trend of the Two Body acceleration for a satellite orbiting the asteroid
in a circular orbit.

acceleration to which the satellite is subjected is constant over the propagation time
as shown in Fig. 2.4 | since the orbit is circular with a radius of 350 km and an
inclination of 24.5 degrees.
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2.2 Geometry of Conic Sections

Before introducing the laws of Kepler, it is good to illustrate the different possible
geometries of an orbit in space. A conical section is defined as the intersection
between a plane and a circular cone. According to how the plane cuts this cone,
different geometries are created, which are illustrated in the following Figure 2.5.
There are therefore 4 possibilities: circle, ellipse, parabola or hyperbole. Each con-

Parabola

Circle

Figure 2.5: Conic Sections: circle, ellipse, parabola and hyperbola. [15]

ical section has two foci. In astrodynamics, the center of gravitational attraction of
the celestial body around which the spacecraft orbits coincides with one of the two
foci and it is called primary foci. Not all conical sections have the same number of
foci, as described in the following paragraphs.
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2.2.1 Elliptical orbits

An ellipse is a close orbit and it has the following characteristics:

e The two foci are distinct from each other (F # F') and one of them represents
the primary foci. In Figure 2.6 the primary foci is F where the central body
is located (in the case of the figure, the Earth);

e 1, represents the radius of the apoapsis (orbital point furthest from the primary
focus) and r,, is the radius of the periapsis (orbital point closest to the primary
focus) are distinct and represent the extreme points of the elliptical orbit;

e The semimajor axis a, and the semiminor axis b, are two distinct values and
determine the shape of the ellipse;

e The eccentricity, e, of the orbit is within the range of 0 to 1. In addition, the
eccentricity is defined as the ratio:

c

e=-—

a

where ¢ represents half the distance between the two foci of the ellipse while
a is the semimajor axis.

Figure 2.6: Elliptical Orbit of a generic satellite around a generic central body (in
this case Earth). [15]
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Very elliptical orbits, with eccentricity close to unity, are called Molniya Orbits.
Examples of elliptical orbits are related to the majority of celestial bodies within the
Solar System, such as all planets, moons and asteroids, including Jupiter’s Trojan
asteroids on which the study of this thesis work is focused. For example, Jupiter’s
largest Trojan asteroid was discovered in 1907 by August Kpoff and has a heliocen-
tric orbit with a Semimajor Axis of 5.2571 AU and an inclination, relative to the
ecliptic plane, of 18.166 degrees. Its orbit is elliptical and based on the observations
made on this body in 2021 Jul 01, the eccentricity value is 0.02255. The following
Figure 2.7 has been obtained using the software STK and inserting the ephemeral
data for the planets and for the Jovian Trojan asteroid (588) Achilles, derived from
the JPL’s database:

Figure 2.7: Heliocentric Elliptic orbits of the Jovian Trojan asteroid (588) Achilles
(red) and Jupiter (orange) inside the Solar System.

2.2.2 Circular orbits

A circle is a close orbit and it represents a particular case of an elliptical orbit, in
fact:

e The two foci coincide with each other (F = F');
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e 1,, the radius of the apoapsis, and r,, the radius of the periapsis, are coincident
with each other, defining the most commonly called radius r of the circle;

e The semi-major axis a and the semi-minor axis b are equal to each other and
equal to the radius of the circle;

e The eccentricity, e, of the orbit is zero, as the parameter c is zero:

=0

c
e=—
a

arnp

Figure 2.8: Circular Orbit: a is the semimajor axis, r is the radius of the orbit and
p is the semilatus rectum. They are all equal values. [15]

2.2.3 Parabolic orbits

A parable is an open orbit and it has the following characteristics:

e One of the two foci represents the primary fire, F, while the second goes to
infinity, F';

e 7,, the radius of the apoapsis, goes to infinity, while r,, the radius of the
periapsis exists and has a finite value;
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e The semimajor axis a, and the semiminor axis b, are values going to infinity;

e The eccentricity, e, of the orbit is equal to one, being both values of ¢ and
going to infinity:

C
e=—-=1
a
D
S|P
r
J&; |
F F /
_
-
r
P
.///,
-

Figure 2.9: Parabolic Orbit: the semimajor axis is infinite and the second foci F’
is at infinite. [15]

2.2.4 Hyperbolic orbits

An hyperbole is an open orbit and it has the following characteristics:

e There are two branches of the hyperbole and they are one the mirror of the
other through the conjugated axes. There are therefore two foci, each of which

belongs to a branch;

e 1., the radius of the apoapsis, goes to infinity, while r,, the radius of the
periapsis exists and has a finite value;

e If the left branch is chosen, the semi-major axis, a, is negative;

e The eccentricity, e, of the orbit is greater than the unit:

c
e=—-—>1
a
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Figure 2.10: Hyperbolic Orbit: choosing the left branch, the semimajor axis is
negative (-a). [15]

2.3 Kepler’s first law (trajectory equation)

Kepler’s first law says that the geometry of the planet motion is an ellipse or a conic
section (circle, parabola, hyperbole) and the trajectory equation can be written as
follows: 2

r=—7xt— (2.9)

1+ % cos(v)

where B is the integration constant vector, h is the angular momentum vector
defined as h = 7 x 7 = constant, p is the gravitational parameter and v is the
true anomaly, shown in Fig. 2.11, and defined as the angle that locates the current
position of the satellite. Also, in the field of analytic geometry, the parameter % is
defined as the eccentricity of the orbit, which reveal its shape, while the term h—: is
defined as the semiparameter p or the so called “semilatus rectum” and shown in
the figure. Thus, the trajectory equation can be written as follows:

p
e 2.10
"TIY e cos(v) (2.10)
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Figure 2.11: Geometry of an ellipse with the two foci F and F'. The satellite is
represented by the small black dot in a generic position along its elliptical trajectory,
its position is defined by the trye anomaly angle v, while the semilatus rectum p is
the vertical line starting from the focal point F. [15]

2.4 Kepler’s Second and Third laws

Kepler’s second law says that equal areas are swept out in equal lengths of time by
a line that connects a planet to the Sun, while the Kepler’s third law says that the
square of the orbital period P is proportional to the cubic semimajor axis a. Thus,
it is possible to write that:

2
pr o B s (2.11)
L
or
CL3
pP=2r L (2.12)
1

2.5 Specific angular momentum, mechanical energy
and SOI

The expression for the angular momentum is independent from the mass and it is
constant for a given orbit. The equation for the angular momentum is the following;:

h =7 x ¥ = constant (2.13)

31



Orbital Mechanics and Perturbations

As h is defined as the cross product between 7 and v, it lays perpendicular to the
orbital plane. For the Two-Body motion, this plane is where the motion of the
satellite is confined. Thus, any vector of position and velocity taken at the same
point in the time will give the specific angular momentum. Another important
equation for the orbital mechanics study is that which relates the specific angular
momentum, h, with the semilatus rectum, p:
h2
p=—
14
where a is the semimajor axis and e is the eccentricity of the orbit. As for the
specific mechanic energy, defined with the symbol (, it is a constant parameter and
it can be written as follows:

=a(l —¢?) (2.14)

v?

(= 5, (2.15)
This equation is also called with the name vis-viva equation. The specific mechanic
energy, therefore, varies with altitude and velocity and it is equal to zero on the
surface of the central body. Also, this equation can be seen as the sum of two terms:
the kinetic energy ”2—2 and the potential £. As a consequence of this definition, there
is the concept of the Sphere of Influence (SOI). The sphere of influence for a given
celestial body is an imaginary sphere within which the gravity of the central body is
the main responsible for the orbital motion of the satellite. Outside such a sphere,
other celestial bodies can perturb the orbital motion. The radius of that sphere of

influence can be calculated using the following equation:

_ (M2y9/5

r = <m1) T12 (216)
where m; is the mass of the main body, my is the secondary mass, r represents
the radius of the sphere of influence of the secondary body and rq5 is the distance
between the central and secondary bodies. However, the Sphere of Influence (SOI)
is more a concept than a physical definition. The limit of the sphere is considered
as an infinite distance from the body (r = oo at SOI). Thus, in this case, only the
velocity can determine the energy of the orbital motion. Considering the largest
Jupiter trojan asteroid (624) Hektor as the central body, the sphere of influence of
that body has the following radius:

PsOtettor = ("2 or g, = 21680km (2.17)
Sun

where 7y 5., is the distance between the asteroid and the Sun.

2.6 Classical Orbital Parameters

The semimajor axis and eccentricity, although of fundamental importance to deter-
mine how the orbit is positioned in space, are not the only parameters to consider
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when defining an orbit. There are also other parameters which are worth taking
into account. The classic orbital parameters are as follows:

1. Eccentricity, e: defines the shape of the orbit;

2. Semimajor axis, a, or semilatus rectum, p: defines the size of the orbit;
Argument of periapsis, w: defines the position of the line of the apsides;
True anomaly, v: is a function of time;

Longitude of the ascending node, 2: defines the position of the line of nodes;

SO A e

Inclination, i: defines the orientation of the satellite’s orbital plane

-

Angular momentum, /1

Perigee, ¢

Figure 2.12: Classical Orbital Parameters for a general orbit around Earth. [15]

2.6.1 Particular case: 1 =0
The orbit lays on the equatorial plane. Thus:

e There is no line of nodes: the longitude of the ascending node is indefinite.
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e The longitude of the periapsis is defined:

T=0+w

2.6.2 Particular case: e =0
The orbit is a circular orbit, thus:
e There is no line of the apsides: the argument of periapsis is indefinite.

e The argument of latitude, at time t, is defined:

U=w-+v

2.6.3 Particular case: 1 =e =0
The orbit is a circular orbit and it lays on the equatorial plane, thus:

e The longitude of the ascending node and the argument of periapsis are both
undefined.

e The true longitude, at time t, is defined:

[=Q+w+v

2.6.4 Determination of Classical Orbital Parameters

Starting with the knowledge of the position and velocity vectors, written in the co-
ordinate system 1J K it is possible to determine all the classical orbital parameters
as follows:

1. Semimajor axis: let’s consider the specific mechanical energy:

v’ p u
—__Br__r 2.18
2 r 2a ( )
Ty
= 2.19
¢ rv? —2u (2.19)

2. Eccentricity: knowing that the eccentricity is equal to the term % in the
trajectory equation, it is possible to write that:

B @xh 7
g=2vx0 7 (2.20)
f pooor
where .
h=7rxuv
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S0
g B_Uxh T _ux({xy T (2.21)
f pooor 7 r
Also, from (2.10):
h 2
p:Licqu—é) (2.22)
i

SO

. H (2.23)

. Line of nodes 7n: the line of nodes is defined due to the intersection between
the orbit and the equatorial plane. Reasonably, there are two distinct nodes:
the ascending node and the descending node. The line of nodes crosses both
these nodes. It is define as follows, with reference to the above Fig. 2.12:

i=kxh (2.24)
. Right Ascension of Ascending Node, RAAN, Q(longitude of the ascending
node): it is defined as the angle between the axis I and the line of nodes 7:
Q = arccos(I - i7) (2.25)
e 0<Q<n,ifn, >0
o T << 27, ifn, <0

. Argument of periapsis, w: it is defined as the angle between the line of nodes
77 and the vector of the eccentricity é:

w = arccos(7i - €) = arccos(7 - p) (2.26)
e 0<w<n,ifp, >0
o T <w<2m, ifp, <0

. Inclination, i: it is defined as the angle between the coordinate axis K and
angular momentum vector h:

-

i = arccos(K - h) (2.27)

where

|~

=

e O<v<n,ifr-v>0
o T < v <2 ifr-v<0
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U - Periapsis

Figure 2.13: Representation of the true anomaly angle v and the local coordinate

AA A

system 17k, centered in the satellite. [15]

2.7 Three-Body and n-Body Problem

Even if the Two-Body motion is a good starting point to study the orbital mechan-
ics, it is only an approximation of the reality. To be more accurate, it is crucial to
consider the presence of other celestial bodies which can perturb the orbital motion
due to their relative distance from the orbiting satellite. For a three body system
(Sun, (624) Hektor and the spacecraft for example), it is possible to consider the
forces individually and to write the relative acceleration to the satellite with respect
to the central body (624) Hektor:

7:_:)Hsozt - 7:_:)sat - 7:'H (228)

Basing on the Newton’s second law and on the gravitational law, the sum of the
forces which act on the asteroid are the following:

GmHmsatFHsat + GmHmsunFHsun

E Fou = myry = 3 3

THsat THsun

(2.29)

The result is a combination between the traction force from the satellite and the
Sun on the asteroid. The term 7y in the equation above represents the acceleration
an observer would have from the origin of the XY Z inertial system.

For the satellite, the sum of gravitational forces is the following;:

~ N GmHmsatTHsat GmHmsunTHsun
ngat = MgtV sat = — 3 - 3 (230)

THsat T Hsun
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Through a series of substitutions, it is possible to write the following equation:

GerHsat Gmsun"nsunsat GmsatrHsat GmHmsunrHsun

THsat = — 3 — 3 — -3 — 3 (2.31)
Hsat sunsat Hsat Hsun
Now, using 7satsun = —Tsunsat, the final form of the acceleration can be obtained:
- G(mH + msat)FHsat T T
N satsun Hsun
THsat = — 3 + GMigun (3 - — ) (2.32)
THsat satsun T sunsat

The first term at the right hand side represents the Two Body acceleration of the
Trojan asteroid (624) Hektor while the second term has two parts and it represents
the perturbation, or the additional forces to the simplified case of the Two Body
Problem. The finite sum of the total acceleration for the i-th body subject to the
gravitational attraction of the n-bodies if the following:

h=—G Y S (2.33)
j=1j#1 I

where

1=1,...n

Another important way to write this equation is the barycentric form with the
barycenter of the system set as the origin of the system. Despite the exaggeration
for reasons of clarity, the following Figure 2.14 shows the geometry of the three
body system (624) Hektor — Skamandrios — Satellite, where the first two bodies
are respectively the main body and the secondary one, both having a much greater
mass than the mass of the satellite (M pgektor > Mskamandrios > Msatellite)-

The position of the i-th body in the barycentric system is 7g; = 7; — rg. Thus, con-
sidering the equation written previously, it is possible to write 7j; In the barycentric
system:
Fpji=Ti —Tp— (T —Tp) =T — T = T (2.34)
In this case, the acceleration of the i-th body in the barycentric system can be:
“p= h p= (2.35)

where “p = 0 due to the conservation of the angular momentum. It is possible
to node, therefore, that the equations of motion are independent of the particular
origin and the particular inertial system. They depend only on the relatives dis-
placement vectors, 7j;, and on the second derivatives which are also independent
on the origin of the inertial system. As a consequence, the barycentric equation of
the generalized motion is the following:

n —
.. .. m/,"
o S _ 2 : 71 5sat
TBsat = Tsat — —G —3 (236)
j=1i#s st
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Satellite

Skamandrios

Center of mass s skam

s

Figure 2.14: Geometry for the barycentric equations of motion. The barycentric
coordinate system is aligned with the inertial XY Z system. The Z and zp axes are
aligned.

2.8 Orbital Perturbations

For the study and the analysis on the orbital propagation around a Jupiter’s Tro-
jan asteroid, propagator model has been developed in this thesis work using the
software STK. In that model, the third body effects, depending on which Jupiter’s
Trojan asteroids is considered, have been taken into account. The third body ef-
fects are certainly those of the Sun and Jupiter, plus the gravitational force due to
the perturbation terms related to the irregular shape of the asteroid. In addition,
when the central body for the orbital propagation analysis is (624) Hektor, an ad-
ditional third body effect has been taken into account, related to its natural moon
Skamandrios.

For Jupiter and the Sun, the ephemeral data provided by JPL have been used into
the model, but this procedure was not possible for Skamandrios, as the following
data have not yet been derived from the current observations. Therefore, for the
ephemeral data of the moonlet, various orbital parameters, known for a particular

epoch have been analytically defined into the model, as showed in the following
Table 2.1:

38



Orbital Mechanics and Perturbations

Table 2.1: Orbital parameters for the natural moon of the trojan asteroid (624)
Hektor, called Skamandrios. The data are related to a particular epoch.

(624) Hektor CBI Coordinate System

Epoch (JED) 2.4512¢ + 06
Semimajor Axis [km] 957.5
Eccentricity 0.31
Inclination [deg] 50.1
RAAN [deg| 0
Longitude of Periapsis [deg] 0
Mean Longitude [deg] 0

Summarizing, a spacecraft orbiting in space is subject to multiple perturbative
forces that depend primarily on the type of celestial body around which the space-
craft orbits. In the event that the satellite orbits in the vicinity of an asteroid,
the main perturbation is given by the very irregular and asymmetric shape of the
rocky body, far from being spherical in the vast majority of these objects. The ef-
fect most felt by the orbiting satellite is therefore a gravitational attraction towards
the center of mass of the asteroid (or two separate centers of mass if the shape is
bilobed), very different at each point of the orbit, thus causing a more or less sig-
nificant variation over time of all the orbital parameters. So, designing the orbits
for satellites around asteroids is a real challenge. Due to their distance form Earth,
only for a few asteroids are known with certainty the shape, size, gravitational field
and all the perturbative forces.

2.8.1 Spherical Harmonics Expansion

Asteroids are not perfect spheres and the mass is distributed nonuniformly through-
out them. Since gravity depend directly on mass, the gravity field will reflect this
nonuniformity. The approach used to model non-spherical gravity uses the spheri-
cal harmonics expansion.

A solution for the potential U of the equation V2U = 0 can be found by separating
the variables. The solution looks like the following structure:

U(r,0,¢) = R(r)P(0)Q(¢) (2.37)

with radial (r), longitudinal (¢) and latitudinal dependence (6). The generical
solution for the spherical harmonics expansion is found by combining radial, longi-
tudinal and latitudinal behavior as follows:

U(r,0,p) = {(17;“} [A]" cos(me) + BJ" sin(mp)] P (cos 0) (2.38)
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These are called the solid spherical harmonics of degree 1 and order m. Assuming
now that the full solution is given by a summation over all possible | and m indices,
it is possible to write the following:

U(r,0,¢) = Z Z { z+1} [A]" cos(m) + By sin(mep)] P™ (cos 6) (2.39)

Because the spherical harmonics form a complete orthonormal basis, an arbitrary
real functions f(6,¢) can be expanded in term of spherical harmonics by:

Z Z [A]" cos(mep) + BJ" sin(mp)] P (cos 0) (2.40)

=0 m=0

Three different types of harmonics are considered:

e The zonal harmonics are defined to be those of the form P?(cosf) = P(cos ),
thus m = 0 They do not depend on longitude. Zonal harmonics divide the
spheres into latitudinal zones;

e The sectorial harmonics are of the form sin(my) P (cos 0) or cos(my) P (cos 0)
and 0 < m < n. They divide the sphere into sectors;

e The tesseral harmonics are those of the form sin(mep) P/ (cos ) or cos(myp) P/ (cos 0),
where m = n.

,.A

Figure 2.15: Spherical harmonic expansion: Zonal, Tesseral and Sectoral harmonics
representations. [16]
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The spherical harmonics expansion for the gravity potential is:

1 + Z Z P sin(A)[C" cos(mep) + S)7 sin(me)]] (2.41)
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where 4 = G % M, with M = Zf\il m; being the total mass of all the particles in
the central body and, for n > 1 and 0 < m < n,

m_2_50m(n—m)! N Tim rym s e ,

O = M(n+m)! Z mi(5)" Py (sin A;) cos(mpi) (2.42)
m 2_50m(n_m)' al Tr; npm/.; ’

o = M(n +m)! ; mi( )" Py’ (sin ;) cos(m;) (2.43)

where the parameter R characterizes the size of the mass distribution.

The acceleration due to gravity is determined by taking the gradient of the potential
function.

As the spherical harmonics of asteroids, in particular Jupiter Trojan asteroids, are
unknow and not present in any previous literature, a method here is applied, which
deduces these coefficients from a three dimensional polyhedron model of the body,
assuming a constant density. In this thesis work, the entire spherical harmonics
coefficients for an triaxial ellipsoid shape of the Trojan asteroid (624) Hektor have
been inserted into the model and have been taken from [4].

2.8.2 The gravitational field of a non-spherical body

Most asteroids are not spherical bodies, but full of irregularities and asymmetrical.
For this reason it is necessary to consider into the model the various perturbative
effects caused by a gravitational field which in turn is not spherical. The gravita-
tional potential, written in relation to the reference system centered in the center
of gravity of the central body (624) Hektor and rotating together with the body, is
given in spherical coordinates (r, @, \):

V(r,g,\) = ij{ ML N (RH;’““‘ )" P (sin ) (Cran c08(mA) + Sy sin(m))
n=0 m=0

(2.44)
where G is the gravitational constant, mgerior is the mass of the asteroid, Ryecrior
is its medium radius and P,,, are the Legendre polynomials defined as follows:

1 d

_ 2 l
1 — 22 5 dl—i—m
Pz = WP Ay (2.46)

and C,,, e S, are the spherical harmonic coefficients. In the case in which for
the Trojan asteroid (624) Hektor is used a triaxial ellipsoid shape with semiaxes
a>b>c, Cy and Uy can be obtained by the following simple expressions:

2 2
2o b

Cpp=—2_ 2 (2.47)
SR,
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a2

Cop = 4t
SR,

ISR

(2.48)

Using a model in the software for a triaxial ellipsoid shape of the asteroid (624)
Hektor, with a = 208km, b = 65.5km e ¢ = 60km, it is possible to obtain the
following coefficients, taken from [4]:

Table 2.2: Spherical harmonics coefficients for a triaxial ellipsoid shape for the
asteroid (624) Hektor. [4]

Cao —0.476775
Cao 0.230232
Clo 0.714275
Cio —0.078406
Cua 0.009465
Ceo —1.54769
Cé2 0.076832
Cea —0.002507
Ces 0.000201

Another important consideration here is that the values of these coefficients de-
pend on the type of shape used to model the asteroid target into the simulation.
For example, considering a different irregular shape with different dimensions and
size, as the asteroid shown in the Appendix A, is possible to find different values
of the gravity harmonic coefficients. Cy in the Appendix A is calculated in [5] to
be -0.12464.

2.8.3 Solar radiation pressure (SRP)

Solar radiation Pressure is a non-conservative force that effects satellites in both low
and high orbits around a celestial body. In the specific case of the Jupiter Trojan
asteroid (624) Hektor, an atmospheric-free asteroid like all objects in thius category,
the solar radiation pressure is not considered as one of the main perturbations, due
to the enormous distance between theTrojan asteroids and the Sun.
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Chapter 3

Dynamic Environment around
Jovian Trojan Asteroids

3.1 Dynamic environment around a triaxial ellip-
soid shape asteroid

To closely study the dynamic environment around the asteroid, its physical, chem-
ical, composition and internal structure, satellites must be able to reach stable
orbits over time. In addition, CubeSats are small satellites with a limited space
dedicated for the scientific payload. A multi-field study (astrodynamics, astrobiol-
ogy, astrogeology, etc.) requires more than one satellite to map and scan the surface
of the target asteroid. Here comes the need to create real fleets of small satellites
in order to form an orchestrated and dynamic constellation around the asteroid. In
this thesis work, a possible constellation of 5 CubeSats have been created around
a generic Trojan asteroid of Jupiter and propagated for a certain period with the
aim of ensuring a certain coverage of the asteroid’s surface.

Of fundamental importance is that the various satellites are well spaced while they
orbit in the constellation and therefore do not collide with each other. Optical
cameras and various sensors are therefore necessary for this to maintain the cor-
rect spacing in case the CubeSats were displaced due to unexpected perturbations
during their propagation.

The dynamic environment within which the constellation of CubeSats operates,
therefore plays a fundamental role. For Jupiter’s Trojan asteroids, the model devel-
oped for the study is called High-Precision Orbit Propagator (HPOP) and foresees
the presence of the effects of third bodies, namely the Sun and Jupiter, plus the
perturbative gravitational coefficients related to a non-spherical shape, but ellipti-
cal triaxial, of the generic asteroid of reference.

Once again, it is important to recall that there is no certainty about the actual
shape and size of Jovian Trojan asteroids, due to the various difficulties related to
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the individual observations made so far by Earth, which are based on the variation
of reflected light related to the rotation of the asteroid. One of the main limit of
using the software STK is that only spherical, oblate or triaxial ellipsoid bodies
can be used as central bodies into the model for the simulation. Therefore, the
Trojan asteroids of Jupiter that belong to latter category and that potentially have
an elongated shape towards a certain axis, are the following:

e (1173) Anchises:

— it is a P-type asteroid (Tholen Classification, 1984) that librates around
the Jovian L5 Lagrange point (Trojan Camp). Also, based on several
observations made by IRAS, Akari and WISE with wavelengths between
11.5 and 60 microns, the best calculated best-fit sizes are 170x121x121km
(thus, Ry = 135.521 km), with a retrograde sense of rotation and a geo-
metric albedo of 0.027 (one of the lowest albedo ever observed) [9]. Such
dimensions, give second degree, and order gravity harmonic coefficients

of:
-5 -4
020 - == —00776
5R2,
@ _ 0
C 44— (0388
22 5R%{

e (1437) Diomedes:

— it is a D/P-type asteroid (Tholen Classification, 1984) that librates around
the Jovian L4 Lagrange point (Greek Camp). Also, according to several
observations made between 1997 and the most recent ones, the possible
shape of the asteroid is elliptical triaxial with the three main axes of
(284 + 61) x (126 & 35) x (65 & 24)km (thus, Ry = 132.4954 km), with
a rotational period of 1.01940.004 days and a geometric albedo of 0.03
[13|. Such dimensions, give second degree, and order gravity harmonic
coefficients of:

2 _a® b2
Coo = C_+_2 — —0.5017
a® _ b
Cy = 414 =0.1845
22 5R%{

e (624) Hektor:

— The last observations from AO (Adaptive Optics) high-resolution imaging
made at the Keck -II Telescope [13] confirm final shape model of an highly
elongated /bilobed shape for this asteroid. It has been modeled as a triaxial
ellipsoid shape with dimensions of 208 x 65.5 x 60km (thus, Ry = 92.5km)
and with gravity harmonic coefficients taken from [4] and shown in the
Table 2.2.
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3.2 Orbital Propagation

The model developed in this thesis work for the study of the orbital propagations
around Jupiter Trojan asteroids, such as the asteriod (624) Hektor, is a model
defined on the basis of the Sun-Jupiter-Hektor-Skamandrios system. As described
above, (624) Hektor is located in the stability region around the Sun-Jupiter L4
Lagrangian point and it is also the largest Jupiter Trojan asteroid with a mean di-
ameter of approximatly 250 km. Also, its actual shape is probably bilobed, even if
there are a sevaral of existing models for the description of its shape. Observations
over time have led to believe that (624) Hektor may have been a binary contact
asteroid but, based on data gathered from the NASA’s Space Hubble Telescope in
1993, they did not show a clear bilobed structure although they did not rule out
the possibility of a binary contact. Also, (624) Hektor rotates very quickly around
its axis of greatest inertia, the z-axis, with a rotation period of 6.9206 hours. In
this thesis work, the approxiamate shape for that asteroid used into the model is
a triaxial ellipsoid shape with a = 208 km, b = 65.5 km and ¢ = 60 km, where
a is the semimajor axis, b is the semi-mid axis and c¢ in the semiminor axis, with
an equivalent radius (radius of the sphere with the same volume of the asteroid) of
As for the mass of the four celestial bodies, Sun, Jupiter, (624) Hektor and Skaman-
drios, the following values have been used into the model, making an assumption
for the Skamandrios’ mass knowing its dimensions (diameter of roughtly 12 km)
and also assuming the body with the same density of (624) Hektor, roughtly 2.4-2%;

cm

Table 3.1: Mass and Gravitational parameters, u, for Sun, Jupiter, (624) Hektor
and its moon Skamandrios:

Sun Jupiter (624) Skamandrios
Hektor
Mass, m [kg| 1.9884x10%° 1.8981x10%" 7.91 x 10'®  1.6721x10'6
Gravitational 1.327 x 10" 1.266 x 108 0.527937 0.011
Parameter
(v = G xm)

|k

3.3 Orbital mechanics

Asteroids are rocky bodies and around them they have one of the most disruptive
environments in the Solar System because their very irregular and asymmetrical
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shape also results in a non-symmetrical gravitational field. It is therefore necessary
to pay particular attention to the study of how the orbits of satellites, immersed in
these dynamic environments, propagate and vary over time.

3.3.1 Orbit propagation without maneuver corrections — Ini-
tial data and Results:

A first study has been conducted to analyze the propagation of orbits around the
asteroid (624) Hektor without orbital correction maneuvers for a total propagation
period of 20 days. As the perturbative environment has been considered a model
with perturbative gravitational coefficients related to a triaxial ellipsoid shape of
the asteroid, taken from [4]. This is a good approximation for an initial analysis,
although the most likely shape of this Jupiter Trojan asteroid, based on the latest
observations made, is thought to be a binary contact with two lobes of different
sizes.

Two different starting orbits have been analyzed and compared with different al-
titudes from the surface of the asteroid, but the same initial inclination. In the
following Table 3.2 the initial parameters of the two compared orbits can be read:

Table 3.2: Orbital parameters of the two orbits analyzed in the simulation:

Orbit 1 Orbit 2
Orbit Epoch 01/01/2047 16 : 00 : 000  01/01/2047 16 : 00 : 000
Semimajor-Axis, a [km]| 400 500
Eccentricity, e 0.1 0.1
Inclination, i [deg| 80 80
Right Ascension of As- 95 95
cending Node, RAAN, Q
|deg]
Argument of Periapsis, w 120 120
|deg]
True Anomaly, v [deg| 10 10
Propagation time, t 20 20
|days]

In the following Fig. 3.1, it is possible to apprechiate the propagation of the two
orbits: the first one, above, with a = 400km and the second one,below, with

a = 500km:
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Orbit 1 /

Initial Position

Orbit 2

Final Position
Initial Position after 20 days (final

Figure 3.1: (624) Hektor Inertial Axis: Comparison between Orbits 1 (above) and
Orbit 2 (below), starting from initial positions with different Semimajor Axis.
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e In the above side of Fig. 3.1, starting from a position closer to the surface of
the asteroid, the satellite is subject to major perturbations during its motion
within the dynamic environment in which it orbits. This situation leads to
a strong variation of the orbital parameters over the propagation time. In
addition, due to this strong perturbation, the satellite is not able to maintain
an orbit around the asteroid without making any correction maneuvers, thus
moving away from the central body in the course of propagation (black arrow).
On the other hand, on the below side of Fig. 3.1, the satellite has a very
stable propagation, starting from a higher altitude as an initial position and
not needing corrective maneuvers to remain in orbit during the propagation.

Below, it is possible to see the variation of the orbital parameters over time
in the case of the above side Orbit 1 of Fig. 3.1: that is when the orbit is not
stable and the satellite escapes its attraction due to perturbations during a
propagation time of 20 days:

Variation of the Semimajor Axis (km) over time
Orbit 1 without correction maneuvers

a=418286 km

oser 21 Jan 2047 09:03:00.000
UTCG

a=0km

The eccentricity is greater
than the unity: hyperbolic

orbit \

Jan Mon 21 2047

—
Classical. SemimajorAxis (km)

(UTCG)

t
13:00

(a) Variation of the Semi-major axis (SMA) over time. (non stable orbit case)

The semimajor axis grows drastically during the entire propagation time, start-
ing from 400 km at the beginning and reaching a value of 418286 km after
roughly 20 days. This graph is only a zoom of the final part;
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Variation of the Eccentricity over time
Orbit 1 without correction maneuvers
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(b) Variation of eccentricity over time. (non stable orbit case)

Such variation can not be tolerated for surface properties measurements by a
satellite in a scientific mission. To vary the eccentricity means to see the same
point of the surface but with different times of passage, varying from time
to time the characteristics of the onboard scientific instruments for measure-
ments. Even in this case, where the satellite escapes the asteroid due to the
perturbative field, the eccentricity value becomes and exceeds unity, ending
up being a hyperbolic orbit at the final phase;

Variation of the Inclination (deg) over time
Orbit 1 without correction maneuvers
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(c) Variation of the inclination over time. (non stable orbit case)

The delta of total inclination variation is equal to 27.2302 deg for a period of
propagation of 20 days. It is too high. Also, it is an index to understand how
the orbit propagates over time;
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Altitude = 13502.8 km

21 Jan 2047 16:00:00.000

UTCG
Variation of the Altitude (km) over time
Orbit 1 without correction maneuvers

13000 £
12000
11000 é
10000 é
9000 é
8000
7000
s000-£
5000 —;
4000 é
3000 -;
2000 -;

1000 F

Toe s Toe 15
Jan 2047 (UTCG)
—
Al (km)

Altitude = 289.591 km
1 Jan 2047 16:00:00.000
UTCG

(d) Variation of the altitude over time. (non stable orbit case)

The altitude is defined as the distance from the spacecraft to the surface of
the central body. This parameter, after a short period in which it is about
constant, shows a strongly increasing trend over time, with a total delta be-
tween the beginning and the end of 13,213.309 km. The final value is in fact
13502.9 km, testifying to the fact that the satellite is too far from the surface
to carry out scientific measurements.

With regard to the propagation of the stable orbit in the below side of Fig. 3.1,
the results for the variation of the orbital parameters over time are given below,
keeping well in mind that the satellite rotates around an elliptical triaxial
asteroid, resulting very elongated in the x-direction and much less in y- and
z- directions:
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Variation of Semimajor Axis (km) over time
Orbit 2 - STABLE
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(a) Variation of the Semi-major axis (SMA) over time. (stable orbit case)

The trend of this graph is mainly due to an average semi-major axis almost
constant in time for a satellite around an asteroid rotating around its z axis.
It is the rotation of the asteroid the main cause of the spike pattern shown
in the graph. In fact, if the central body were shaped like the Earth, almost
spherical, there would have been a linear trend. In this case, however, the
asteroid has an irregular shape, simulated through a triaxial ellipsoid very
elongated in one direction. In this case of orbit propagation, the initial value
of the semi-major axis is 500 km, while the final is 466.167. The total delta is
equal to 119.606 km;

Variation of the Eccentricity over time
Orbit 2 - STABLE

Jan 2047 (UTCG)
(b) Variation of eccentricity over time. (stable orbit case)

The eccentricity parameter has an average value of 0.110274 and the peaks of
maximum and minimum are 0.222397 and 0.000543 respectively;
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Variation of the Inclination (deg) over time
Orbit 2 - STABLE

Jan 2047 (UTCG)

—
Classical.Inclination (deg)

(c) Variation of the inclination over time. (stable orbit case)

The variation in inclination is very slight in the course of propagation. The
maximum delta is in fact 11.5227 deg;

Variation of the Altitude (km) over time
Orbit 2 - STABLE
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(d) Variation of the altitude over time. (stable orbit case)
Here the altitude values are even repeated during propagation, reaching the

maximum and minimum distance from the surface of the asteroid of 453.209
and 253.23 km respectively.
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3.3.2 Orbit propagation with maneuver corrections — Initial
data and Results:

Considering the two orbits described in the previous paragraph, it is clear that
the orbital propagation in the above side of Fig. 3.1 is not suitable for scientific
missions around the asteroid (624) Hektor, as the satellite tends to escape from it.
The requirements to study the physical and chemical characteristics in orbit are
related to the achievement of a certain orbital stability during the entire duration
of the mission. This allows satellites, like CubeSats, to operate in the best way
the scientific instruments on board, which meet certain requirements that must be
met, such as the FOV based on the altitude of the satellite, the accuracy of the
measurements and the quality of the images taken in orbit. In the event that an
orbit is not stable, the satellite needs to perform certain correction maneuvers by
performing the on-board thrusters to correct the position of the orbit at a given
moment of time.

First strategy

A first way to change the orbit, from an escape orbit to a stable one in time within
a very perturbed environment such as that around the asteroid (624) Hektor, is
described as follows:

e After the beginning of the simulation, when the CubeSat reaches an altitude
of 802.977 km, it performs a finite maneuver, with a duration of 5 hours.
With such an altitude the satellite does not suffer much from the disruptive
effects but at the same time is not too far from the surface of the asteroid
to be able to study its physical and chemical properties. Also, the aim of
the single maneuver is to control two parameters: the radius of periapsis and
the eccentricity. In some cases, however, this is not enough to obtain stable
orbits over time, thus requiring during the propagation a sequence of small
adjustments with a duration of about a few seconds, as described in the next
second strategy. In the following Fig. 3.2, the red orbit is the one obtained
with a simple propagation of the satellite without performing any correction
maneuvers. The result is an escape trajectory from the surface of the asteroid
after 2 days of propagation (black arrow, 3 Jan 2047). On the other hand, the
green orbit is the stable one. Such an orbit is obtained performing a single
finite corrective maneuver, depicted by the black segment, with a duration
of 5 hours. Correction maneuvers are therefore necessary to ensure that the
satellite can remain in orbit, studying in this way physical and composition
characteristics:
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Orbit with one cor- 3 Jan 2047
rection maneuver
\ dtd_Hemeuverd
Orbiti_jio_Naneuvers

$— Orbitwithoutthe

correction maneuver

Starting 4 545047
position

4

Black seement: single
correction maneuver

Duration=5hr

Altitude =802.977 km

Final position after
30days

Figure 3.2: Comparison between orbit propagations starting from the same initial
position. (Red orbit): orbit propagation without correction maneuvers: the satellite
is not able to orbit around the asteroid. (Green orbit): orbit propagation with a
single finite correction maneuver, at an altitude of 802.977 km, to achieve a stable
orbit over the propagation time of 30 days.

To achieve the green close orbit of the Figure 3.2, the Thruster used into the sim-
ulation is a Radiofrequency Ion Thruster, called RIT 10 EVO: It has the following
features:
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Figure 3.3: The Radiofrequency Ion Thruster RIT 10 EVO used for the simulations.
[27]

Table 3.3: Table: Properties of the engine RIT 10 Evo Thruster used into the
simulation.

Specific Impulse [sec] 3500
Thrust [mN] 25
Propellant Xenon
Fuel density |kg/m?| 5.887
Ionisation RF-Principle
Acceleration Electrostatic
Grid system 2 Grids
Propellant Xenon
Mass |kg| 1.8
Diameter [mm]| 186
Height [mm)| 134

Operating Temperature [°C] =75/ + 140

In addition, with this type of engine, the total correction maneuvers results are
shown in Table 3.4.
The following Fig. 3.4 shows the variations over time of orbital parameters due to
the performance of a single correction maneuver for staying in orbit and studying
and gathering closely scientific data of the asteroid target (624) Hektor:
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Table 3.4: First strategy. Total fuel consumption and Total AV used to achiev

close orbit:

70000

65000 1

60000 1

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000 -

Fuel Used AV required
kg [m/s]
Total First Strategy Correction Maneuver 1.919 23.653854

Variation of the Semi major Axis (km) over time
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(a): Variation of the Semi major axis (km) over time.

The trend is strictly related to the eccentricity values. However, it reachs an
everage valure of 1120 km after 1 day from the beginning of the simulation.

Variation of the Eccentricity over time
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(b): Variation of eccentricity over time.
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Variation of the Inclination (deg) over time
Orbit 1 with a correction maneuver
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(c): Variation of the inclination during the propagation time of about 30 days.

Variation of the Altitude (km) over time
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(d): Variation of the altitude over time.

Figure 3.4: Variation of the main orbital parameter to evaluate the orbit’s shape.

First strateqy - Considerations

Although the first strategy allows the CubeSat to remain in a close orbit around
the asteroid, thus avoiding to enter along an open trajectory towards the exit from
the sphere of influence of the target asteroid, is not an optimal strategy. There are
pros and cons.
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Pros:

e By orbiting at high altitudes, a Cubesat can also study the composition, shape,
and structure of the natural moon, if the target asteroid is (624) Hektor. For
all the other Jupiter’s trojan asteroids, which lack a natural satellite, it is clear
that too high altitudes from the surface have only negative notes.

Cons:

e To avoid being influenced too much by the dynamic perturbative environment
and to analyze the asteroid in a suitable period of time, satellites must per-
form the correction maneuver unfortunately at an altitude too high from the
surface. This creates problems of solving and collecting scientific data during
the operational phase of the mission;

e With a single correction maneuver, dedicated to limiting certain parameters,
the variations of the classic orbital parameters are important during the 30-
day propagation. The orbit then becomes closed, but the various parameters
fail to stabilize (see the course of altitude for example).

A new strategy must therefore be devised.

Second strategy

A second strategy that can be considered to obtain a stable orbit in time, starting
with an unstable one, is to maneuver the satellite whenever a certain parameter,
called control parameter, exceeds the value of a threshold. The control parameter
used in the simulation has been the altitude of the apoapsis, allowing the satellite
to perform correction maneuvers whenever this parameter exceeded the value of
200 km. This value has been decided after a tradeoff study to allow the spacecraft
to maintain a close trajectory around the asteroid’s surface.

A simulation has been made for the Orbit 1, shown in Fig. 3.2 as a red escap-
ing trajectory, with the aim of having a minimum fuel consumption allowing the
satellite to orbit within the more even dynamic environment around the triaxial
ellipsoid asteroid (624) Hektor, for a certain period of time.

The second strategy is as follows:

e Starting from the same initial position of the orbits in Fig. 3.2 and Orbit 1 in
Figure 3.1, the CubeSat propagates its trajectory for 31.2 hours. During that
time, it performs a sequence of small correction maneuvers, along the velocity
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vector and with a duration of 35 sec each. After the end of the simulation, it
turns that the satellite needs to perform 209 small correction maneuvers with
a fuel consumption and AV shown in the following Table 3.5:

Table 3.5: Second Strategy, first phase: fuel consumption and AV used to achieve
stable orbit through 209 small correction maneuvers.

Fuel Used AV required

[kg] [m/s]
Single Small Correction Maneuver 0.004 0.044
Total First Strategy Correction Maneuver 0.78 9.326793

e After 1.3 days (31.2 hours), the satellite performs a finite and final maneu-
ver, with a duration of 12.1478 minutes, in the cartesian Thrust Axes VNC
(Velocity — Normal — Co Normal):

— X 1 —0.999998
— Y : —0.00152578

— Z :—0.00152578

with the aim of reaching a value of the Semimajor Axis equal to 532.935 km
and obtaining a very stable orbit during a propagation of 20 days in total.
This last maneuver has a fuel consumption of 0.078 kg and a AV required of
0.949975 m/s. Thus, the total values are shown in the following Table 3.6:

Table 3.6: Second Strategy. Total fuel consumption and Total AV used to achieve
stable orbit.

Fuel Used AV required
[kg] [m/s]
Total Second Strategy Correction Maneuver 0.858 10.276768
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The orbital propagation is shown below, using the second strategy above de-
scribed in the case of the Orbit 1:

' Propagation time
of 30 days

Finallonger red segment:

Red segments: 209 small
final correction maneuver

Correction Maneuvers

Figure 3.5: Second Strategy: 209 small correction maneuvers (small red segments)
performed whenever the altitude of apoapsis of the satellite’s orbit is above the
value of 200 km, plus the final maneuver (longer red segment) with the aim of
reaching a semi-major axis of 532.935 km. Propagation time of 30 days.

Second strateqy - Considerations

Based on the results obtained, the second strategy, despite the use of 210 small
manoeuvres in total, has a lower fuel consumption than the first strategy. Small
adjustment maneuvers while the satellite orbits around the asteroid is therefore
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the right choice both to achieve a minimum fuel consumption and AV, but also
to reach a stable orbit over the entire 30-day propagation. In fact, all the orbital
parameters do not have strange variations but are well outlined, as described in the
following:

Variation of the Samimajor Axis (km)
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550 1 M

T T T
Tue s Tue 15 Tue 22 Frid
Jan 2047 (UTCG)

Classical.SemimajorAxis (km)

(b): Variation of eccentricity over time.

Variation of the Eccentricity
STABLE ORBIT with 210 correction maneuvers

015
010+ ||& H
al f

o
=]
@
R

2

ue
Jan 2047 (UTCG)

—
Classical. Eccentricity

(c): Variation of the inclination during the propagation time of about 30 days.
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Variation of the Inclination (deg)
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(d): Variation of the altitude over time.
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(d): Variation of the altitude over time.

Figure 3.6: Second Strategy Results: variation of the orbital parameters for the
stable orbit over time.

3.4 Are the orbits around the asteroid target unique
or not?
Starting from the stable position of the Orbit 2, described in Table 3.2, is possible to

study and search other potential stable orbits changing the main orbital parameters
in the course of propagation and see how the orbits are modified consequently.
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The process is then iterative. The initial parameters of the stable orbit taken as
reference, are the following:

1. Semimajor Axis (a) = 500 km

2. Eccentricity (e) = 0.1

3. Inclination (i) = 80 deg

4. Right Ascension of Ascending Node, RAAN, 2 = 95 deg
5. Argument of Periapsis, w = 120 deg

6. True Anomaly, v = 10 deg

Changing the initial values of these parameters above written, one at a time, the
following trends can be obtained:

e With the other parameters unchanged, the Semimajor axis cannot be less than
485 km, so that the spacecraft does not move far away from the surface or does
not impact against the surface of the asteroid;

e With the other parameters unchanged, the eccentricity value must be between
0 and 0.17 degrees. If the initial orbit is highly elliptic, the satellite tends to
move away from the central body along an escaping trajectory;

e With the other parameters unchanged, the initial orbit inclination shall be
greater than 45 degrees;

e With the other parameters unchanged, the value of the RAAN shall be between
65 and 98 degrees.
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(a): Comparison between 7 different initial values for the Semimajor Axis
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In the above graph (a), the 7 different values for Semimajor Axis are: 350 km
(black), 450 km (green), 485 km (light blue), 500 km (magenta), 600 km (yellow),
700 km (blue), 800 km (red). Above 485 km, the propagation begins to be stable
over time, while under that threshold, the orbits result to be unstable over time.
For example, when the black trend grows drastically this means that the CubeSat
moves along an open trajectory away from the central body. Then, the value is 0
according to the trend of the eccentricity parameter. The same reasoning is for the
green trend, while all the other orbits maintain their average value for the entire
period of the propagation.

Eccentricity variation
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(b): Comparison between 5 different initial values for the Eccentricity

In the above graph (b), the 5 different values for Eccentricity are: 0 (black), 0.15
(green), 0.16 (light blue), 0.2 (magenta), 0.25 (yellow). Magenta and yellow trend
are for unstable orbits over time as the parameter has tends to grow above the
unity, changing the shape of the orbits from elliptic to hyperbolic. However, stable
orbits can be obtained if the value of the eccentricity is between 0 and 0.17, so for
circular or near circular orbits.
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Inclination (deg) variation
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(c): Comparison between 7 different initial values for the Inclination

In the above graph (c), the 7 different values for the Inclination are: 25 deg (green),
35 deg (light blue), 45 deg (magenta), 60 deg (yellow), 70 deg (blue), 90 deg (red)
and 100 deg (black). Especially the orbit with an initial inclination of 25 degrees,
the delta variation of this parameters is high, between the beginning and the end of
the simulation. This means that the orbit is not stable in time when the inclination
value is low, below approximately 30 degrees. On the other hand, stable orbits,
tend to have a mean orbital inclination almost the same over the propagation time.
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(d): Comparison between 7 different initial values for the RAAN
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Figure 3.7: Variation of the classical parameters Semimajor Axis, Eccentricity,
Inclination and RAAN, one at time.

In the above graph (d), the 7 different values for the RAAN are: 50 deg (light
blue), 65 deg (magenta), 75 deg (yellow), 85 deg (blue), 100 (green), 120 deg (black).
For unstable orbits, here, the angle tends to grow (black case) and to drop (light
blue case) too much from the initial value. While, stable orbits tend to have a mean
orbital RAAN almost the same over the propagation time.

Reading the following type of trends, it is clear that starting from a certain initial
position, it is possible to reach stable orbits only in particular regions, not every-
where. Also, stable orbits can be obtained within specific ranges of some orbital
parameters. In particular, in this case:
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Chapter 4

Orbit propagation of a fleet of
CubeSats around a Jovian
Trojan Asteroid

4.1 Motivation

A mission to a Jupiter Trojan asteroid, such as the asteroid (624) Hektor, with
the use of CubeSats, will not only be of fundamental importance to shed light on
new scenarios on the creation and evolution of our solar system, but will allow for
these small satellites to demonstrate the feasibility of their use in case of deep space
missions. A potential direct mission could focus on the study of a Jupiter trojan
asteroid with a series of 6U-12U CubeSats placed in orbit by a larger monolithic
spacecraft (boss) once entered the sphere of influence (SOI) of the asteroid target.
CubeSats (in this case called SwarmSats) are then released into orbit with the
aim of forming stable orbits over time to allow the use of scientific instrument on
board for scanning and mapping the asteroid, investigating physical and chemical
properties. The study carried out in this thesis work has been done to allow these
small satellites to orbit within the highly perturbed dynamic environment of the
contact binary asteroid (624) Hektor and its natural moon Skamandrios, which
is about 12 km in size. The SwarmSats have several redundant configurations to
perform measurements using different scientific instruments on board. Studying in
this way topographical characteristics, the dynamic environment, physical, chemical
and thermal characteristics and chemical composition will lead to new discoveries
on the reference planet, Jupiter, and on the first stages of the other gas giants.
Bringing all these discoveries to light will inevitably lead to a better understanding
of the various evolutionary phases of our solar system. Such a direct mission can
take on considerable vigor as it will give way to a new era for the CubeSats, with the
advantage of being able to use them together with modular cellular spacecrafts for
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innovative applications. Through this strategy, CubeSats can be used for economic
missions with a high scientific return (data and therefore knowledge). Also, it is
possible to aim to kick off a new class of space exploration missions by expanding
the use of CubeSats deep space, interconnected systems distributed and with the
possibility of being managed and developed also by academic institutions and small
industries to provide a high scientific return in a shorter period of time.

The following Figure 4.1 shows a potential Concept of Operations for a direct
mission towards a Jupiter Trojan asteroid, (624) Hektor in the figure, with the
strategy of using one large monolithic spacecraft plus a certain number of CubeSats
attached to the main structure, performing the interplanetary phase up to the
arrival at the main asteroid target:

Legend:

¥ Interplanetary tran sport vehicle (ITV)
.

Jupiter Trojan
6U/12U Cubesat . : Asteroids -L4

° . Greek Camp

{624) Hektor =}

(624) Hektor
. asteroid

Not to scale

Figure 4.1: Concept of Operations: direct mission from Earth towards the largest
Jovian Trojan asteroid, (624) Hektor, located in the L4 Greek Camp . The actual
shape of the asteroid is a binary contact shape (bilobed shape).
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Table 4.1: Concept of Operations: description of possible phases for a direct mission
towards a Jovian Trojan asteroid.

Phases Description

Phase A Launch from Earth and vehicle separation

Phase B Systems checks

Phase C Interplanetary departure

Phase D Arrival at the Jovian Trojan asteroid target (624) Hektor

Phase E Ejection of each CubeSat from the satellite boss (ITV) to
create stable orbits around the asteroid

Phase F Scientific operation phase of scanning and mapping the
asteroid’s surface

Phase G End of Life phase for CubeSats: soft landing on the terrain

to continue studying its characteristics and composition

4.2 SwarmSats constellation

The main scientific goal of a direct mission towards a Jovian Trojan asteroid is to
perform measurements and analysis in the vicinity of the asteroid to better un-
derstand physical properties such as the mass distribution, rotation, composition,
albedo, density and real shape.

In order to accomplish that goal, the challenge of the mission is actually to send a
fleet of small satellites, called CubeSats or SwarmSats, in orbit around the aster-
oid target for a certain period of time and completely immersed in the dynamical
environment to gather as much information as possible.

For that study in this thesis work, 5 CubeSats of 12U size have been considered
for the creation of the SwarmSats constellation, ejected from the satellite boss and
orbiting around the asteroid after achieving stable orbits.

All the satellites have the following characteristics:
e Dry mass = 10 kg
e Fuel mass = 10 kg

e Total mass = 20 kg
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(624) Hektor Inertial Axes

19 Apr 2041 _'
17:50:00.000 UTCG -~

Figure 4.2: Fleet of 5 CubeSats around the Jovian Trojan asteroid, (624) Hektor,
to scan and map its surface for a certain period of time.

4.2.1 CubeSatl: Strategy and Results

Assuming that the satellite boss, called in this thesis work Interplanetary Transfer
Vehicle (ITV), enters the sphere of influence of the asteroid target and manages to
establish a stable orbit around it, the following simulation is related to the release
of the first of 5 CubeSats. Also, the starting Epoch for the operational phase of
a potential direct mission towards a Trojan asteroid of Jupiter, has been set at 30
Mar 2041.

e The separation between the first small satellite and the boss takes place after
12 hours from the beginning of the simulation. This first satellite is called
CubeSatl and it is released from a circular orbit with an inclination of 80
degrees and with a Semimajor axis greater than 500 km, with the aim of
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establishing a stable orbit allowing it to scan and map the asteroid’s surface
within the dynamic perturbative environment.

e After the separation, the CubeSatl performs a finite maneuver with its own
onboard Thruster RIT 10 Evo for 1.2 hours, with the aim of moving away from
the orbit of the parent satellite, reaching a Semimajor Axis of 552.228 km.

In the following Figure 4.3, it is possible to observe the two crucial phases: (left
side) at the beginning, the CubeSatl is attached to the monolithic spacecraft ITV
and then it is ejected into orbit; (right side) after separation, Cubesatl appears
to be in a close stable orbit around the asteroid target carrying out the various
scientific measurements of the operational mission:

Initial position for
ITV + CubeSat1

Separation
point

\
\\
S~

Figure 4.3: Separation point and stable orbit for CubeSatl around the Jovian
Trojan asteroid (624) Hektor. (Left): ITV and CubeSat 1 together; (Right): 1TV
and CubeSatl in their orbits.

Table 4.2: CubeSatl: Estimated Fuel Used and AV required.

Cubesatl Estimated Fuel Used AV
kg [m/sec]
Maneuver 1 0.807 9.664011
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The orbit in which CubeSat1 stabilizes during propagation is quite polar, with
an inclination oscillating in the range of 79.421 — 103.252 degrees, as shown in the
following diagram, where the extremes of the range have been circled in red:

Variation of inclination (deg) ‘/
CubeSati 7~

103.252 deg

i
82 *E
80+
N

T ; 7
Mon 1 Mon 8 Mon 15
Apr 2041 (Utce)
—
Classical Inclination (deg)

79.421 dee

Figure 4.4: Variation of Inclination (deg) for CubeSatl over a propagation period
of 20 days.

In addition, after the separation from the parent satellite, the orbit becomes stable
and the small satellite propagates in an altitude range from the surface of the
asteroid of 277.71 — 559.75 km, due to the triaxial elliptical, not spherical, shape of
the asteroid. The altitude range is shown in the following Figure 4.5:

- ) 559.75 km
Variation of Altitude (km)

CubeSati 2~
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Figure 4.5: Variation of Altitude (km) for CubeSatl over a propagation period of
20 days.

Consuming a small amount of fuel equal to 0.807 kg for the creation of the orbit
after the ejection from the ITV, the CubeSatl is a good candidate for the study
of a potential landing phase on the surface of the asteroid, operating the various
thrusters to reduce the descending velocity and therefore the impact velocity. Fi-
nally, CubeSat1 could remain in orbit for an undefined period of time, allowing the
satellite to study in a perfect way the asteroid’s physical and chemical properties.

4.2.2 CubeSat2: Strategy and Results

The strategy adopted to reach a stable orbit for a second CubeSat of the constel-
lation, called CubeSat2, involves two maneuvers after separation with the satellite
boss:

1. The first maneuver, finite with a duration of 2.248 hours, allows the satellite
to reach a new orbit with a radius of periapsis of 270.938 km, different from
that of the main satellite.

2. The second maneuver, also finite but with a duration of 2.533 hours, has the
objective to obtain a circular orbit, where the eccentricity is 0, and then to
moving an inclination of 77.7329 degrees.

Through these two single finite maneuvers, CubeSat2 manages to remain in stable
orbit for a period sufficient to map the surface with a full coverage of the target
asteroid, as described in the next paragraph 4.4. In the following Figure 4.6, it
is possible to observe the two crucial phases: at the beginning the CubeSat2 is
attached to the satellite boss and then it is ejected into orbit; at the end, CubeSat2
appears to be in a stable orbit around the target asteroid carrying out the various
scientific measurements of the mission:
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Propagation
of 20days

.\ Separation
L point

/ First Maneuver
(red segment)

31 Mar 2041
05:55:00.000UTCG

(624) Hektor
Inertial Axes

Second Maneuwver
(red segment)

Figure 4.6: First and Second finite maneuvers for CubeSat2 to reach a stable orbit
over a propagation time of 20 days.
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Table 4.3: CubeSat2: Total Estimated Fuel Used and Total AV required.

Cubesat2 Estimated Fuel Used AV

[kg] [m/sec]
Maneuver 1 0.863 10.338750
Maneuver 2 0.972 12.226913
Total Total Fuel Used Total AV

1.835 22.565664

The orbit in which CubeSat2 stabilizes during propagation is also quite polar, with
an inclination oscillating in the range between 76.2658 - 87.2283 degrees, as shown
in the following diagram where the range extremes were circled in red:

87.2283 deg

Variation of inclination (deg)
o~

80
79 I

|

I .
78
I

P
Mon 1 \

— 76.2658 deg

Classical Inclination (deg)

(UTCG)

Figure 4.7: Variation of Inclination (deg) for CubeSat2 over a propagation period
of 20 days.

In addition, after the separation from the parent satellite, the orbit becomes stable
and the satellite propagates in an altitude range from the surface of the asteroid of
289.767 — 623.157 km, due to the elliptical, not spherical, shape of the asteroid:
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Figure 4.8: Variation of Altitude (km) for CubeSat2 over a propagation period of
20 days.

With low fuel consumption, which is in total only 1.835 kg for the creation of the
orbit after the ejection from the I'TV, the CubeSat2 is a good candidate for a po-
tential landing phase on the surface of the asteroid, operating the various thrusters
to reduce the descending velocity and therefore impact. However, as described in
the landing Paragraph 4.5, this is the first satellite of the constellation with a fuel
consumption due to the landing approach greater than the maximum 10 kg onboard
used in the simulations.

Finally, CubeSat2 may remain in a stable orbit for a period of about 50 days
before its orbit undergoes perturbations to the point of putting it in a hyperbolic
trajectory towards the exit from the sphere of influence of the asteroid.

4.2.3 CubeSat3: Strategy and Results

Adding a third satellite, called Cubesat3, to the constellation around the asteroid,
the strategy adopted for reaching a stable orbit is similar to that of the second
satellite, based on two maneuvers after separation with the parent satellite:

e The first maneuver, finite with a duration of 2.239 hours, allows the satellite
to reach a new orbit with a radius of periapsis of 253.971 km, different from
that of the main satellite.
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e The second maneuver, also finite but with a duration of 1.879 hours, has the
same objectives of CubeSat2: obtain a circular orbit, and reach an orbit with
an inclination of 84.9491 degrees.

Through these two single maneuvers, CubeSat3 manages to remain in stable orbit
for a period sufficient to map the surface with a full coverage of the target asteroid,
as described in the next Paragraph 4.4. In the following Figure 4.9, it is possible to
observe the two crucial phases: at the beginning the CubeSat3 is attached to the
satellite boss and then ejected into orbit; at the end it appears to be in a stable
orbit around the target asteroid carrying on the various scientific measurements of
the mission:

Propagation
_of 20days

(624) Hektor
Inertial Axes

Second Mane e e :
e \ J
paration

. oint
First Maneuver P
(red segment)

Figure 4.9: First and Second finite maneuvers from CubeSat3 to reach a stable
orbit over a propagation time of 20 days.
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Table 4.4: CubeSat3: Total Estimated Fuel Used and Total AV required.

Cubesat3 Estimated Fuel Used AV

[kg] [m/sec]
Maneuver 1 0.859 10.297237
Maneuver 2 0.721 9.006416
Total Total Fuel Used Total AV

1.580 19.303653

The inclination for CubeSat3 oscillates in the range 79.3164 — 96.0688 degrees, as
shown in the following diagram in which the extremes of the range have been circled
in red:

Variation of Inclination (deg) 96.0688 de g
Cubesars

\f\
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Classical Inclination (deg) 7 9.3 164 deg

Figure 4.10: Variation of Inclination (deg) for CubeSat3 over a propagation period
of 20 days.

In addition, after separation from the parent satellite, the orbit becomes stable
and the satellite propagates in an altitude range from the surface of the asteroid of
289.767 — 714.567 km, due to the elliptical triaxial shape of the asteroid:

78



Orbit propagation of a fleet of CubeSats around a Jovian Trojan Asteroid

Variation of Altitude (km) 714.567 km

CubeSat3

S
700 fE
650

450—5 ﬂ h

mo—:u\/\ﬁ: L‘
£l %

ssor |

300+

Mon 1 Mon g Mon 15
Apr 2041 (UTCG)
—
Alt (km)

289.767 km

Figure 4.11: Variation of Altitude (km) for CubeSat3 over a propagation period of
20 days.

With low fuel consumption, which is only 1.580 kg in total for the creation of the
orbit after the ejection from the ITV, Cubesat3 is a good candidate for the study
of a potential landing phase on the surface of the asteroid, operating the various
thrusters to reduce the descending velocity and therefore impact.

Finally, CubeSat3 could remain in stable orbis for an undefined period of time
mapping and scanning the asteroid. However, the main problem is related to the
landing phase approach, with a fuel consumption greather than the maximum 10
kg onboard. Therefore, an idea could be to leave this satellite orbiting the asteroid
over time without the descending and landing phase.

4.2.4 CubeSat4: Strategy and Results

The fourth satellite to become part of the constellation around the Jovian asteroid
(624) Hektor is called CubeSat4. The strategy adopted for reaching a stable orbit
is similar to the last two satellites, therefore providing two finite maneuvers after
the separation with the parent satellite:

1. The first maneuver, with a duration of 2.256 hours, is performed by satellite
to reach a new orbit with a radius of periapsis of 250.687 km, different from
that of the main satellite.
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2. The second maneuver, also finite but with a duration of 1.604 hours, has
the objective to achieve a circular orbit and then an inclination of 85.2348
degrees. Through this strategy, CubeSat4 manages to remain in stable orbit
for a sufficient period to map the surface thanks to a full coverage of the target
asteroid, as described in the Paragraph 4.4. In the following Figure 4.12, it is
possible to observe the two crucial phases: at the beginning the CubeSat4 is
attached to the satellite boss and then ejected into orbit; at the end it appears
to be in a stable orbit around the target asteroid carrying on the various
scientific measurements of the mission:

Propagation

31 mar 2041 of 20 days

22:00:00.000UTCG

(624) Hektor
Inertial Axes

........

First Maneuver
(red segment)

Figure 4.12: First and Second finite maneuver from CubeSat4 to reach a stable
orbit over a propagation time of 20 days.
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Table 4.5: CubeSat4: Total Estimated Fuel Used and Total AV required.

Cubesat4 Estimated Fuel Used AV

kg] [m/sec|
Maneuver 1 0.866 10.383936
Maneuver 2 0.616 7.548910
Total Total Fuel Used Total AV

1.472 17.932846

For the CubeSat4 the inclination is in the range 79.2919 — 100.449 degrees, as shown
in the following diagram in which the extremes of the range have been circled in

red:

100.449 deg
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Figure 4.13: Variation of Inclination (deg) for CubeSat4 over a propagation period
of 20 days.

After the separation from the satellite boss, the orbit becomes stable and the satel-
lite propagates in an altitude range from the surface of the asteroid of 267.367 —
570.237 km, due to the elliptical triaxial shape of the asteroid:
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Figure 4.14: Variation of Altitude (km) for CubeSat4 over a propagation period of
20 days.

With low fuel consumption, which is only 1.472 kg in total for the creation of
the orbit after the ejection from the ITV, CubeSat4 is a good candidate for the
study of a potential landing phase on the surface of the asteroid, operating the
various thrusters to reduce the descending velocity and therefore the impact ve-
locity. However, after the simulations abot the landing approach described in the
following Paragraph 4.5, CubeSat4 turned out to have a fule consumption greater
than the maximum 10 kg onbaord. Since it is able to reach stable orbits for an
undefined pariod of time, it is resonable to think to leave this spacecraft orbiting
the asteroid’s surface over time.

4.2.5 CubeSath: Strategy and Results

The fifth and last satellite of the proposed constellation, takes the name of Cube-
Sath, being the fifth satellite studied. The strategy adopted for reaching a stable
orbit is similar to that of the first satellite, CubeSat1, therefore providing only one
maneuver after separation with the parent satellite.

1. This maneuver, finite with a duration of 1.510 hours, allows the satellite to
reach a new orbit with a semi-major axis of 541.6 km, different from that of
the satellite boss I'TV.
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Through the performance of this single maneuver, CubeSatb manages to remain in
stable orbit for a period sufficient to map the surface with a full coverage of the
target asteroid, as described in the Paragraph 4.4. In the following Figure 4.15,
it is possible to observe the two crucial phases: at the beginning the CubeSat5 is
attached to the satellite boss and then ejected into orbit; at the end it appears to
be in a stable orbit around the target asteroid carrying on the various scientific
measurements of the mission:

31 Mar 2041
18:36:00.000 UTCG

(624) Hektor
Inertial Axes

Separation
point

Finite Mlaneuver
(red segment)

Figure 4.15: (Left): Single finite maneuver (red segment) for CubeSat5; (Right):
Stable orbit over a propagation time of 20 days.

Table 4.6: CubeSath: Estimated Fuel Used and AV required.

CubeSath Estimated Fuel Used AV
kg [m/sec]
Maneuver 1 0.579 6.894527

For this last small satellite of the constellation, the inclination range of the stable
orbit is 79.283 - 93.1967 degrees, as can be seen in the following diagram in which
the extremes of the range have been circled in red:
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Figure 4.16: Variation of Inclination (deg) for CubeSat5 over a propagation period
of 20 days.

In addition, after the separation from the parent satellite, the orbit becomes stable
and the satellite propagates in an altitude range from the surface of the asteroid of
289.767 - 563.489 km, due to the elliptical but not spherical shape of the asteroid:
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Figure 4.17: Variation of Altitude (km) for CubeSatb over a propagation period of
20 days.
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With low fuel consumption, which is only 0.579 kg for the creation of the orbit after
the ejection from ITV, CubeSat) is a great candidate for the study of a potential
landing phase on the surface of the asteroid, operating the various thrusters to
reduce the descending velocity and therefore impact velocity.

Additionally, CubeSat5 could remain in orbit for an undefined period of time with-
out an orbital decay over time.

4.3 Overall Considerations

The three overall considerations about the constellation formation are the following;:

e All orbits in the simulated constellation appear to be stable over the entire
propagation time. The following graph shows the small variations between
648.259 and 556.507 km of the Semimajor axis after the ejection from the I'TV
of CubeSat2:
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Figure 4.18: Small variation of Semimajor Axis (km) for CubeSat2 over the propa-
gation time. After the ejection, the satellite reaches a stable orbit as the semimajor
axis parameter oscillates around almost the same average value.

e All CubeSats in the constellation move along their trajectories without collid-
ing with each other during the propagation time. The closest approach is as
follows:

1. The closest approach is between CubeSat2 and CubeSat3 with a relative
distance of 5.00896 km:
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Figure 4.19: Closest approach over the propagation time between two satellites
(CubeSat2 and CubeSat3) in the same constellation around the asteroid target.
Despite the distance is not high, CubeSats are small satellites in dimensions and
there is no danger of collision.
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Figure 4.20: (624) Hektor Inertial Axes: closest approach among two satellites of
the constellation (CubeSat2 and CubeSat3) around the Jovian Trojan asteroid.

e Among the satellites of the constellation, CubeSat3 is one with the highest
peak of 4828.09 km? of the Footprint Area parameter, as shown in the following
graph and described in the following Paragraph 4.4 about the coverage study
of the constellation:
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Figure 4.21: Among all the CubeSats, CubeSat3 has the highest peak of the Foot-
print area (4828.09 km?) on the surface of the triaxial ellipsoid asteroid.

4.4 Coverage

After analyzing a possible constellation of 5 CubeSats around the elliptical triaxial
asteroid within the dynamic perturbative environment, it is necessary to understand
if the number of satellites used into the model is sufficient to map and scan with a
high percentage the surface of the asteroid during the propagation period. To do
this, in this thesis work the Coverage Module has been used into the software STK.
This module allows to analyze the global and regional coverage provided by one
or more CubeSats (called in general assets) while considering all access. Specific
results are generated based on detailed access computations, performed to user-
defined grid points within the area of coverage. Using that model, is possible to

87



Orbit propagation of a fleet of CubeSats around a Jovian Trojan Asteroid

calculate if, when and for how long a CubeSat can survey the surface of the asteroid
target. Also, with such a model is possible to:

e Define areas of interest: the entire surface of the asteroid target;
e Define coverage assets: each CubeSat of the constellation;

e Define the time period of interest: scientific mission time (from 30 Mar 2041
plus approximately 20 days of propagation for the operational phase);

e Determine and report measures of coverage quality.

The coverage analysis is based on the accessibility of CubeSats to particular points
within the entire region of the asteroid, which is called Coverage Grid. Finer
grid (calculated by the so called grid granularity parameter) resolution typically
produces more accurate results but requires additional computational time and re-
sources. Thus, for simplicity, all the points inside the grid are spaced of 6 degrees
(or 21.7871 km as distance between points in the grid) ensuring a good computa-
tional cost. Since the goal is to cover the entire surface of the asteroid, the bounds
for the desired latitude area are the following:

e Min Latitude = -90 deg

e Max Latitude = +90 deg

The scientific payloads attached to each CubeSat for scanning and mapping have
been modeled into the software with a Rectangular Sensor Type with the following
properties:

e Vertical Half Angle = 2.5 deg

e Horizontal Half Angle = 2.5 deg

Therefore, these sensors attached to each CubeSat have been used as assets for the
coverage analysis into the simulation model. To evaluate the quality of coverage,
a Figure Of Merit (FOM) has been used for each CubeSat. The type of coverage
is called Simple Coverage, meaning which measures whether or not a point in the
grid is accessible by the assigned assets:
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1 Apr 2041
05:45:00.000 UTCG
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Figure 4.22: Simple Coverage analysis: partial regions covered by CubeSat2, start-
ing from the beginning of the simulation up to the Epoch 1 Apr 2041 05:45:00.000
UTCG.

There are two type of coverage: static and dynamic. For the static coverage, grid
points are highlighted if they are covered by at least one asset (satellite’s sensor) at
any time during the analysis time period. The static behavior of simple coverage
computes a value of one (1) for grid points that have access to an asset at any
point in the analysis time period and zero (0) for points that are not accessible.
In this case, the entire surface is shaded in red, showing that at some point during
the propagation each point in the coverage region did have access to at least one
asset (CubeSat2 in Fig. 4.22). While, an evaluation of dynamic behavior of simple
coverage computes a value of one (1) for point that are currently in an access period
and zero (0) for points that are not. In the following graphic, grey areas indicate
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regions of the asteroid’s surface that still need to be mapped and scanned by at
least one CubeSat of the constellation. Instead, the red areas are the ones most
analyzed, up to that particular moment, from the sensors attached to the various
satellites:

bri Evaluation Purposes Only

Figure 4.23: 2D Graphic window: grey areas: areas of the surface still to be exposed
by at least one satellite; Red zones: areas already analyzed.

Constellation Coverage

From the proposed constellation, CubeSatl provides the lowest coverage among
the remaining four CubeSats. In this case, the minor coverage of the asteroid with
an elliptical triaxial shape is 96.76% of the entire surface during propagation. The
following 2D map, in Figure 4.24, shows the uncovered regions during the entire
simulation for the CubeSatl. Despite that, however, the portion of covered terrain
is more than enough not being the only satellite in the constellation. As described
in the following list, CubeSat2, CubeSat3 and CubeSat4 are the satellites that
manage to map more surface area in a precise moment of time, compared to the
remaining two CubeSats. The final coverage accumulated by each CubeSat is as
follows:

e CubeSatl: 96.76%
e CubeSat2, CubeSat3 and CubeSat4: 100%;

e CubeSat5: 99.33%:
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pri Evaluation Pu[posesi)ply

Figure 4.24: Percentage of Coverage for CubeSatl over a propagation period of
about 20 days around the asteroid target. Blue circles: not covered regions during
asteroid mapping.

The following Figure 4.25 shows the increasing trends of the % Accumulation Cov-
erage parameter relative to total accumulation over time. When the trend is hor-
izontal it means that the sensor attached to the satellite is scanning a portion of
the ground already analyzed previously. Near the time x-axis, however, are shown
the trends relative to the single (not cumulative) percentage of coverage for each
satellite:

% Accumulation Coverage % Surface Coverage

\ Ail5 CubeSats

@ 60
g Almost 30% of the
g w07 i Coverass asteroid’s surface co-
S W vered by CubeSat3 ata
S a0 ol
= specific Epoch
] o
20+ '
N HJ_LL J‘LH_IJI.A_L.L: Ll ” : ” _J“ LL M L
c—{ l“ ] I i . ' i. 1 l‘ l'l nl'\-l l L ‘lwll Al il |“ Ll
Mon 1 Mon 8 Mon 15
Apr 2041 Time (UTCG)
— — [— [—
CoverageDefinitionCS1 - % Coverage CoverageDefinitionCS1 - % Accum Coverage CoverageDefinitionCS2 - % Coverage CoverageDefinitionCS2 - % Accum Coverage
—_— —_— — —
CoverageDefinitionCS3 - % Coverage CoverageDefinitionCS3 - % Accum Coverage CoverageDefinitionCS4 - % Coverage CoverageDefinitionCS4 - % Accum Coverage
— —
CoverageDefinitionCS5 - % Coverage CoverageDefinitionCS5 - % Accum Coverage

91



Orbit propagation of a fleet of CubeSats around a Jovian Trojan Asteroid

Figure 4.25: % Surface Coverage analysis for each CubeSat of the constellation
orbiting around the asteroid. The increasing trend represents hte accumulatation
coverage over time, while the trend with peaks represents the percentage coverage
by each CubeSat at a specific Epoch. CubeSat3 has the highest peak of almost
30 % of the entire asteroid’s surface covered with a single scanning. As for the
increasing trend, is possible to read the final % accumulation for all the 5 CubeSats
of the constellation. CubeSatl has the lowest value of 96.76 % of surface covered
over the entire propagation time.

4.5 Landing

Once the mission operational phase of mapping and scanning the surface of the
target asteroid with CubeSats orbiting in a well-defined constellation is completed,
how can the various CubeSats be managed? Do they have to be left to orbit the
asteroid for an indefinite period or can they still be used in some way?

The main idea in this thesis work, proposed for a potential future mission, is to
carry out a landing phase for each CubeSat. Therefore, a soft way with an impact
velocity as small as possible (< 5 m/sec) has been analyzed, with the aim of con-
tinuing the various scientific measurements directly on the irregular terrain. A soft
landing can be achieved with the performance of several braking maneuvers while
the approaching phase due to the action of the onboard thrusters along the anti-
velocity direction, using the residual fuel onboard by each CubeSat. Potentially,
each satellite, during the descending phase, has the ability to gather more detailed
data, such as images with greater resolution as they are getting closer and closer to
the surface of the asteroid. In addition, once landed, CubeSats can also study the
internal structure of the asteroid thanks to all the vibrations created because of the
impacts with the terrain, more or less strong than the respective satellites. Such
a measurement can be carried out with the presence of an onboard seismograph,
among the various scientific payloads, of at least one CubeSat of the constellation.

Among all the CubeSats, the one with the lowest altitude at the end of the scientific
operational phase is CubeSatl. In the proposed simulation, this satellite will be
the first to land on the surface, avoiding any possibilities of hitting other CubeSats
of the constellation during the free-fall trajectory:

e CubeSatl: final altitude = 391.181 km at Epoch 20 Apr 2041 06:06:14.069
UTCG;

e CubeSat2: final altitude = 412.750 km at Epoch 20 Apr 2041 13:40:52.550
UTCG;
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e CubeSat3: final altitude = 410.757 km at Epoch 20 Apr 2041 19:10:10.110
UTCG;

e CubeSat4: final altitude = 500.589 km at Epoch 20 Apr 2041 19:20:02.325
UTCG;

e CubeSath: final altitude = 463.812 km at Epoch 20 Apr 2041 10:18:35.328
UTCG;

4.5.1 Landing strategy for each SwarmSat

After the main operational phase, each CubeSat is called upon to land on the
surface of the asteroid target. To do so, the strategy adopted in this thesis work,
provides that:

1. CubeSatl and CubeSath: propagation of the orbit until reaching the apoapsis
point and, once arrived, impulsive maneuver to reach the radius of the peri-
apsis equal to 400.108 km and 399.194 km, respectively;

CubeSat2, CubeSat3 e CubeSat4: propagation of the orbit for a certain period
of time, that is 14.4 hours for the first two satellites, while 11.52 hours for the
Cubesat4;

2. CubeSatl and CubeSat5: during their orbital trajectory, to move from the
apoapsis to the desired periapsis, the two satellites perform respectively 108
and 98 small finite maneuvers with duration of 100 sec and 50 sec, in the
direction of anti-velocity vector. The performance of these small maneuvers
must be carried forward even after reaching the periapsis for 3.6 hours and 12
hours, respectively;

CubeSat2, CubeSat3 and CubeSat4: during their orbital trajectory, the three
satellites perform respectively 75, 87 and 71 small finite maneuvers with a
duration of 50 sec in all three cases, in the direction of anti-velocity vector;

3. CubeSatl and CubeSath: at this point, the satellites are located at an altitude
of 221.649 km and 211.545 km. From this position, they now propagate up to
a height of 10 meters from the surface of the asteroid helping to brake during
the descent thanks to other 2 and 3, respectively, maneuvers in the opposite

direction to the velocity. The latter maneuvers are finite with a duration of
9000 sec and 9500 sec;

CubeSat2, CubeSat3 and CubeSat4: at this point, the satellites are at an
altitude of 277.766 km, 435.736 km and 302.537 km, respectively. From this
position, they now propagate to a height of 5 meters for the Cubesat2, while
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10 meters for the other two satellites, from the surface of the asteroid helping
to brake during the descent thanks to other maneuvers. In particular, 10, 66
and 6 other maneuvers in anti-velocity direction and finite with duration of
4000 sec, 280 sec and 3000 sec respectively;

4. Finally, as a control parameter for a soft landing, the so-called Altitude Rate
has been chosen for each CubeSat, which represents the component of velocity
perpendicular to the ground. With a final impulsive maneuver before touching
the ground, the altitude rate and impact velocity magnitude, for each CubeSat,
are as follows:

Table 4.7: Altitude rate and impact velocity magnitude for each CubeSat of the
constellation:

Fleet Altitude rate Impact Velocity
Magnitude
[km /sec| [m /sec]
CubeSat1 -3.42 1.4177
CubeSat2 -2.67 4.5283
CubeSat3 -3.42 4.7867
CubeSat4 -2.27 2.0164
CubeSath -3.89 5.7870

The following Figure 4.25 and Figure 4.26 shows each segment of the final descend-
ing strategy for the first two satellite, CubeSatl and CubeSat2 respectively:
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Figure 4.26: CubeSatl descending trajectory for landing on the asteroid’s surface.
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Figure 4.27: CubeSat2 descending trajectory for landing on the asteroid’s surface.

95



Orbit propagation of a fleet of CubeSats around a Jovian Trojan Asteroid

In summary, the descending phase has the following duration for each CubeSat:
e CubeSatl: 1 day, 3 hours, 55 min and 35 sec;
e CubeSat2: 20 hours, 20 min and 56 sec;
e CubeSat3: 1 day, 0 hours, 8 min and 46 sec;
e CubeSat4: 16 hours, 57 min and 34 sec;
e CubeSath: 1 day, 10 hours, 42 min and 44 sec;

Performing, respectively, a total of 112, 83, 156, 79 and 103 braking maneuvers using
the onboard thruster RIT 10 EVO with 25 mN as thrust and 3500 sec as Specific
Impulse. The total AV and total fuel used by each CubeSat for the descending
phase are:

e CubeSatl: 229.268208 m/s (anti-velocity direction) and 3.314 kg;
e CubeSat2: 245.119960 m/s (anti-velocity direction) and 12.968 kg; (> 10 kg)
e CubeSat3: 237.902095 m/s (anti-velocity direction) and 12.748 kg; (> 10 kg)
e CubeSat4: 253.701650 m/s (anti-velocity direction) and 13.221 kg; (> 10 kg)
e CubeSath: 191.345443 m/s (anti-velocity direction) and 4.132 kg.

Thus, the proposed landing strategy for a soft impact for CubeSat2, CubeSat3
and CubeSat4 require a fuel consumption greater than the maximum fuel onboard
each CubeSat in the simulation, that is 10 kg. For this reason, it is reasonable to
think that these three CubeSats can be used not for landing and then continuing
to collect scientific measurements, but to impact with the surface of the asteroid
for the creating of several vibrattional waves. These can be studied directly by
the other two CubeSats which on board must be equipped with a seismograph.
Understanding how vibrations propagate inside the ground can be traced back to
the undestanding of the internal structure of the asteroid.

As described in the following Figure 4.28, at the beginning of the scientific op-
erational mission around the asteroid, when all CubeSats are ejected from the boss
spacecraft they carry 10 kg as fuel mass. Thus, it is depicted the variation over
time of the fuel mass for each CubeSat due to several maneuvers required over the
propagation: firstly, to find a stable orbit and, secondly, to begin the descending
phase towards the surface of the asteroid target:
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Figure 4.28: Fuel mass variation over the operational mission phase and the landing
phase. The initial value for each CubeSat is 10 kg, while the remaining fuel on
board, after the landing approach to the surface, is about 5.70 kg for CubeSatl
and 5.86 kg for CubeSat5. For the other three CubeSats the remaining fuel is 0 kg,
thus consuming the entire amount of the onboard available fuel.

Performing the braking maneuvers, the controlled parameters are:

1. Altitude Rate, in order to get the lowest possible value since this parameter
gives the vertical component of the satellite’s velocity in the central body
frame:
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Figure 4.29: Variation of the Altitude Rate parameter over the propagation time
for each CubeSat of the constellation.

2. While the single CubeSat is approaching the surface of (624) Hektor, the
asteroid pulls it and the velocity increases over time, as shown in the following
Figure 4.30. However, due to the performance of several braking maneuvers,
the satellite keeps the velocity a low value allowing a safe impact:
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Figure 4.30: CubeSat’s velocity parameter in the inertial reference frame, over the
propagation time for each CubeSat of the constellation.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Taking up the questions posed in the introductory paragraph 1.0, based on the
various simulations carried out throughtout this thesis work, it is possible to say

that:

1. It is possible to find stable orbits with different propagation terms (about a
month for CubeSat2, indefinite for the remaining CubeSats of constellation)
within a perturbated environment such as that around a Jupiter’s Trojan

asteroid.

2. It is possible to study the formation of a potential constellation of 5 Cube-
Sats, without colliding each other during their propagation and equipped with
various scientific instruments, to ensure a high scientific gathered data of the

surface of the target asteroid.

3. Based on the analysis made, it seems feasible to use CubeSats for such a deep
space mission. The fuel used and the AV required assume feasible values for

the overall size and weight of a satellite as small as a CubeSat.

4. Analysis of orbital mechanics around the Jovian Trojan Asteroid (624) Hek-
tor show that only two (CubeSatl and CubeSat5) of the five CubeSats of the
constellation are able to save enough fuel on board to ensure a soft landing
approach on the terrain after a descending phase performing several break-
ing maneuvers. However, CubeSat2, CubeSat3 and CubeSat4 require a fuel
consumption greater, even if only slightly, than the maximum mass used into
the simulation, 10 kg. To touch the ground in a soft way means to preserve
all the components of the CubeSat useful then both to continue to carry out
the various scientific measurements and also to communicate and send data
to the satellite boss and then back to Earth. This means that these three
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CubeSats cannot guarantee a soft landing, thus they can be used for creat-
ing several vibrations due to hard impacts with the terrain. The way these
vibrations propagate can then be analyzed by the other two CubeSats with
their onboard seismometers, allowing the scientific community to understand
better the internal structure of the asteroid. However, another possible idea
to consider is to leave CubeSat3 and CubeSat4 orbiting the asteroid gathering
more and more useful information and waiting for an orbital decay over time.

In this thesis work, 5 CubeSats have been used because:

e Several scientific instruments (scientific payload) can be distributed onboard
all the CubeSats, which have limited space and size;

e They can scan and map the surface with excellent coverage during their prop-
agation, gathering more detailed maps of the irregular surface;

e They can be equipped with duplicates of each instrument, thus increasing
redundancy and further enabling the verification of measurements.

But why not 4 or 6 CubeSats? It depends on how many scientific instruments is
decided to use for the scientific goals, even on what and how many data are required
to gather upon entering the asteroid sphere of influence and performing operational
measurements into stable orbit around the asteroid.

5.2 Future work

Some approximations have been considered in the course of the development of this
thesis, related to the lack of knowledge of the actual size and shape of most of the
Jovian Trojan asteroids. The following are the proposed points for future works:

e (624) Hektor turned out to be a very elongated body, so an elliptical triaxial
shape is a good initial approximation, but its actual shape is most likely a
bilobed, contact binary asteroid. Therefore, this last supposed shape leads
to consider other and more detailed perturbative gravitational coefficients,
different from those adopted in this thesis work.

e It is recommended the development of studies on more mathematical approach
for the orbital stability, through analysis of:

— Zero-Velocity Superficies (when the Energy is equal to zero) for the loca-
tion of the Lagrangian Points of the (624) Hektor - Skamandrios system.
Also, surfaces help to divide space into regions where motion is or is not
allowed;

100



Conclusions and Future Work

— Pointcaré maps, for the study of systems with periodic behaviour;
— Frozen Orbits, for the study of long term stable orbits;

— Periodic Orbits (POs): the stability of the periodic orbit depends on the
distribution of the eigenvalues of the monodromous matrix;

— Equilibrium Points (EPs).

The model of the spherical harmonics expansion for a high irregularity body
has low precision and diverges at some point, thus need to be improved with
different approaches: polyhedron gravity field models (tetrahedral polyhe-
drons), mascon models (point mass packed to reproduce the object mass dis-
tribution). |7|

With regard to the potential landing phase, the study of the landing approach
needs to be related parallel to the study of control and attitude dynamics,
artificial intelligence algorithms (machine learning) and navigation equipment
through the use of camera sensors mounted on each CubeSat.

All the additional aspects of the potential mission need to be analyzed for
each CubeSat of the constellation, such as the power budget, mass budget,
the study of the various subsystems and the properties of the several scientific
instruments.

The decision of the final stable orbits over time needs to be related also to the
communication links between each CubeSat, the satellite boss and then back
to Earth.

Valuate the magnetic effects of Jupiter on each orbiting CubeSat of the con-
stellation as a potential additional perturbation causing the orbital decay over
time.
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Appendix A

Spherical Harmonic
Coefficients

For the following irregular shape of the Jovian Trojan asteroid (624) Hektor, more
detailed spherical harmonic coefficients of degree n = 10 and order m = 10 have
been calculated by [5]:

Figure A.1: Irregular shape model for the asteroid (624) Hektor. (Image Credits:
DAMIT-Database of Asteroid Models from Inversion Techniques).
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Spherical Harmonic Coefficients

Figure A.2: C,,,, Spherical harmonic coefficients for the asteroid (624) Hektor. [5]
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Cs 6 —3.57829 x 10— %
Cs 7 1.709 x 10—9
Cs.8 1.76265 x 107
Cy,0 —0.000322245
Clo.1 0.000137372
Cy 2 1.04867 x 10—
Cy 3 —1.53402 x 10~ %
Co 4 1.70052 x 10~ 7
Co s —3.13028 x 10— %
Coe —4.09551 x 10~9
Co 7 1.06157 x 107
Cy s 0.09409 x 10—
Cy.0 —5.2564 x 10~ 11
Cio.0 —0.00389284
Cho,1 —0.0000890129
Cho,2 0.0000641703
Cio,3 2.22255 x 10—
Cho.4 —4.63008 x 10—
C1o,5 5.78004 x 10— 9
Cio.6 3.50487 x 10— 7
Cior | —1.41563 x 10—1°
Cros | —4.90193 x 10— 11
Cho.0 3.30995 x 10— 12
Cho0,10 3.07354 x 10— 12




Spherical Harmonic Coefficients

Figure A.3: S,,,, Spherical harmonic coefficients for the asteroid (624) Hektor. [5]

So,0 0

S1,0 0

S1.1 —3.75818 x 10—2
S2.0 0

Sa1 2.44174 x 1073
Ss.2 2.47263 x 102
S3.0 0

Ss1 —1.61779 x 10—3
S3.2 2.44957 x 10~1
Sz .3 1.27032 x 101
S1,0 0

Si1 | —4.37887 x 101
Si.2 1.87272 x 10—3
Sa3 3.92078 x 10—?
S4.4 1.51864 x 10—1
Ss.0 0

Ss.1 4.67568 x 101
Ss.2 —2.27241 x 105
Ss.3 —2.94281 x 10—°
Ss.4 2.39711 x 10~°
Ss5 | —1.13629 x 10—°
S6,0 0

SE.1 8.02977 x 10~°
Se,2 3.61996 x 101
S6.3 —4.21205 x 106
S6.4 —&.14515 x 10—°©
Se,5 2.18522 x 10~7
S6.,6 4.09279 x 107
S7.0 0

S71 | —1.79721 x 10~*
S7.2 9.51647 x 10~ 7
S7.a3 1.15513 % 10— 7
Sra | —2.35444 x 10—7
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S7.5 1.2149 x 10— 7
S7.6 7.08749 x 10~7
S7.7 —1.26457 x 10— %
Ss.0 0

Sg.1 1.56517 x 10~°
Sg.2 —9.9021 x 10—?
Ss.3 5.70613 x 10~
Sg 4 1.1143 x 10—°
Ss.5 —2.06789 x 10—8
Ss.6 —1.52099 x 10— %
Sy 7 5.73623 x 10— 10
Sg 8 7.41676 x 10— 10
Sa.0 0

Soa.1 823674 x 10—°
Sa 2 1.74015 x 10— °
So.3 9.50787 x 10~7
Sa.4 2.95314 x 10~F
Sa 5 —2.01586 x 10— %
Sa.6 —5.53021 x 10— 10
So 7 7.00849 x 10— 10
So,s 6.69884 x 10— 12
Sa.o —3.68673 x 1011
S10,0 0

S10,1 —1.228 x 107>
S10,2 3.28695 x 10—°
S10,3 —5.79763 x 10— %
S10,4 —2.2292 x 10~
Sio0,5 2.68800 x 10— 7
S10.6 1.43408 x 10— 7
Sio,7 —4.5155 x 10— 11
Sios | —1.74772 x 10— 11
Sio,0 8.34705 x 10— 13
S10.10 1.27466 x 10—12




