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Abstract

The orbit insertion maneuver is, besides the launch, the most intensive maneuver in terms
of propellant mass. In 1995 the Galileo spacecraft arrived at the Jovian system and when
it did, it performed a first flyby with Io to decrease the required AV for orbit insertion with
175 m/s (i.e. down to 644 m/s). This technique is generally known as ”satellite-aided plan-
etary capture”. The Galileo spacecraft proved that this technique could be beneficial. Much
research has been conducted on it. In most of it, Io was used as a flyby moon. Although Io
is a perfect candidate for employing satellite-aided planetary capture, it lies within Jupiter’s
harsh radiation zone. This thesis report aims to investigate the capabilities of low-radiation
satellite-aided capture trajectories. These would exclude the use of Io and are therefor left
with Europa, Ganymede and Callisto as flyby candidates. These orbit Jupiter at a much
higher orbital radius. The orbit insertion that follows would then be executed at a much
higher perijove and become less efficient. Therefore, this report will combine these low-
radiation capture trajectories with low-thrust propulsion and see what performance improve-
ments can be achieved, compared with direct impulsive orbit insertion and ”"conventional”
satellite-aided capture.

First, insights into the Tisserand parameter was gained by deriving it from the circular re-
stricted three-body problem. Then Tisserand graphs were constructed for the Solar System
and the Jovian system. The Tisserand graph theory was employed in optimizations to find
the most optimal sequences for satellite-aided planetary capture in the Jovian system. A brief
but thorough investigation was performed on the best tuning settings for the optimization
algorithm, that is, Differential Evolution.

Then, to include low-thrust legs in the capture trajectories, a fast and robust method was
developed. A second-order Taylor expansion method for the Modified Equinoctial Elements
appeared to be the best option considering the transition from high to low orbital energy. This
second-order Taylor series expansion was combined in the satellite-aided planetary capture
optimizations to investigate low-thrust satellite-aided planetary capture capabilities.

Results from both optimizations were compared and the first conclusions could be taken on
the capabilities of these low-thrust capture sequences. In addition, this thesis research also
focused on what promising sequences are for mission planning. For this, the phasing prob-
lem that treated the locations of the moons under consideration was solved. An ephemerides
search supplied both a date and initial perijove distribution for each possible sequence. With
this combined, conclusions could be taken with respect to mission planning.

The result was that the addition of low-thrust propulsion along a capture trajectory could be
beneficial, but, not for all sequences. For these, it was concluded that it is better to employ a
conventional satellite-aided capture trajectory. The minimum AV for conventional satellite-
aided planetary capture was 255 m/s. This minimum was achieved with a Ganymede-JOI-
Europa-Callisto capture sequence. The addition of low-thrust to this further lowered the
impulsive AV towards 157 m/s.
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Chapter 1

Introduction

This first chapter serves as an introduction to the subject of this master thesis research:
“low-thrust satellite-aided planetary capture”. Section 1.1 elaborates on the relevance of the
problem. Section 1.2 presents a short outline of the report.

1.1 Background

Inserting a spacecraft in orbit around another planet requires a significant amount of AV.
Because of this, rather than flying a direct transfer, a (sequence of) gravity assist(s) can be
used to lower mission requirements in terms of AV and propellant mass that the spacecraft
itself should deliver. These propellant savings could lower the spacecraft’s overall mass or
provide extra mass for the spacecraft’s payload. Historical missions such as Cassini [6],
Voyager 1 and 2 [4] and Galileo [8] have already reached the outer planets and beyond (Voy-
ager) through sequences of planetary gravity assists. Besides the launch of the spacecratft,
the orbit insertion maneuver is the most intensive part of the mission in terms of propel-
lant mass. From this, the idea came of using one or more gravity assists to lower the AV
requirements on the orbit insertion maneuver. This is to be achieved by performing close
flybys (gravity assists) with the target planet’s natural satellites. This is often referred to as
“satellite-aided planetary capture” [18] and much research has already been conducted on
this subject. It could lead to significant propellant savings and/or extending the planned
mission duration. Obviously, this can only be the case when performed successfully. As an
example, the Galileo mission used this technique to insert itself in orbit around Jupiter. This
was done through a gravity assist with Io. Because of the relatively massive Galilean moons,
the Jovian system is very attractive for employing satellite-aided planetary capture trajecto-
ries. That is why most of the research on the subject is conducted for the Jovian system. The
challenges of designing satellite-aided capture trajectories lie in finding good sequences with
natural satellites and see if they are in line with a foregoing interplanetary trajectory. Also,
in recent years numerous missions have used low-thrust electric propulsion. For example,
the BepiColombo spacecraft [1] is currently on its way to Mercury. On its heliocentric tra-
jectory, the spacecraft has used and will use multiple low-thrust propulsive trajectory legs.
This is done in combination with several planetary gravity assists to reach Mercury. When
it reaches Mercury, it will again use low-thrust propulsion to lower its relative velocity with
respect to the planet such that it could even be captured in orbit around Mercury without
the use of any impulsive orbit insertion maneuver. This master thesis report aims to use the
technique of satellite-aided planetary capture in combination with low-thrust propulsion to
capture a spacecraft in orbit around Jupiter. Moreover, it aims to finding the best sequences
for mission planning. When considering mission planning, clearly the phasing of the moons
is of great importance. A certain sequence could look very promising for mass savings, but if
the Galilean moons almost never align properly, this sequence could possibly never be flown.
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The thesis research was conducted by means of answering the following research question:

What are the performance improvements of using low-radiation satellite-aided planetary
capture trajectories in the Jovian system compared to a purely impulsive capture maneuver
and how could these further be improved by incorporating low-thrust electric propulsion?

This research question can be split up into three sub-questions:

* What are the potential propellant mass savings for low-radiation satellite-aided plane-
tary capture trajectories compared to purely impulsive capture trajectories?

* What are the potential propellant mass savings for low-radiation satellite-aided plane-
tary capture trajectories when low-thrust propulsion along the trajectory is added?

* Which of the promising trajectories could be considered most useful with respect to
mission panning?

1.2 Structure of the report

This master thesis is divided into ten chapters. The first one is this introduction. Chapter 2
presents the heritage of a past mission and earlier research. This chapter also presents the
problem statement that outlines the motivation for the thesis topic with the actual research
problem, research question and research procedure. The next chapter starts with the ba-
sics of investigating multiple gravity assist trajectories. This is done through the Tisserand
parameter and constructing a Tisserand graph for the Jovian system. In Chapter 4 this
technique is used in optimizations for finding the most optimal conditions for particular cap-
ture sequences in the Tisserand graph. Results from these optimizations will give the first
insights into what particular sequences are good candidates for planetary capture. Chap-
ter 5 will present a fast method for including low-thrust legs on the Tisserand graph. The
importance of this fast technique becomes clear in Chapter 6 where it is combined with the
optimizations from Chapter 4 to find optimal low-thrust satellite-aided capture trajectories
in the Tisserand graph. Results from this chapter will present the capabilities of low-thrust
satellite-aided planetary capture trajectories. Up to this point all calculations and optimiza-
tions have been performed without taking into account the locations of the moons. In other
words the phasing of the moons was not yet considered. The methodology of solving the
phasing problem for both the low-thrust and ballistic satellite-aided capture trajectories is
presented in Chapter 7. The results obtained in Chapters 4 and 6 are then fed to this phas-
ing problem and results are presented and summarized in Chapter 8. The verification and
validation efforts are outlined in Chapter 9. Finally Chapter 10 presents the conclusions that
are based on the results of Chapter 8.



Chapter 2

Heritage

Satellite-aided planetary capture is a unique technique of capturing a spacecraft around a
target planet and is the research topic in this Master of Science thesis. This chapter starts
with a brief outline of the heritage on this subject. This includes a mission that already
employed this technique and has proven its benefits. This is further expanded with earlier
research on this topic with the purpose of indicating a knowledge gap for this thesis research.
The problem statement in Section 2.2 then outlines this knowledge gap. The actual research
problem on which this thesis research is centered is presented in Subsection 2.2.1, this also
includes the research questions and research procedure.

2.1 Heritage

This section serves as a more elaborate introduction into the topic of this thesis research. It
starts with the Galileo mission that already used the technique of satellite-aided planetary
capture. Then an outline of earlier research on the topic will explain on how the author
directed his research.

2.1.1 Galileo

The Galileo spacecraft was launched in October 1989 and after a sequence of planetary grav-
ity assists by Venus and Earth it arrived at the Jovian system in December 1995. The space-
craft consisted of an orbiter and an entry probe, which was first released into Jupiter’s at-
mosphere upon arrival at the Jovian system. The most important mission objectives were
to investigate the structure of Jupiter’s magnetosphere and the chemical composition of the
atmospheres of Jupiter and its moons. It made multiple close encounters (flyby’s) with the
Galilean moons (e.g., lo, Europa, Ganymede and Callisto). The mission was initially planned
to last for 24 months. However, the mission was extended twice (once to 1999 and later to
2003) [8].

When it arrived at the Jovian system, the spacecraft performed its first flyby with Io at an
intended altitude of 1000 km (actually 892 km). When doing so, it reduced the amount of
AV required for Jupiter orbit insertion (JOI) by 175 m/s (satellite-aided planetary capture)
[8]. Due to the harsh radiation environment, this was the closest flyby that the spacecraft
performed with Io. Right after the flyby, the orbiter relayed the data from the probe back
to Earth before the actual orbit insertion manoeuvre was initiated. An illustration of the Io
flyby, the probe entry and JOI is presented in Figure 2.1a.

Apart from the gravity assist manoeuvre with lo, the transfers from one moon to another
within the Jovian system also happened by means of gravity assists in order to save propel-
lant. The initially planned tour (up to 1997) for the Galileo orbiter through the Jovian system
is shown in Figure 2.1b. As mentioned earlier in this section, the mission was extended twice
up to 2003 when it dived into Jupiter’s atmosphere, in order to prevent it to contaminate the

9
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assist of lo and probe entry into Jupiter’s up to 1997 [8].

atmosphere[9].

Figure 2.1: lllustration of Galileo orbit ensertion and intended tour through the Jovian system.

Jovian moons with terrestrial bacteria.

2.1.2 Earlier research

This subsection expands the earlier research conducted on satellite-aided planetary capture.
The purpose of this section is finding a knowledge gap that can be filled by this thesis re-
search.

Jerry K. Cline performed the first research on single satellite-aided capture trajectories [5].
He used a patched-conics approach on which one of the planet’s natural satellite aided in
the planetary capture. Furthermore, he applied it to multiple planet-satellite systems: Earth-
Moon, Jupiter-Ganymede, Jupiter-Callisto, Saturn-Titan and Neptune-Triton. His first as-
sumption was coplanar circular planetary orbits around the Sun. From this, he investigated
three sources of bodies to be captured, namely: spacecraft launched from Earth, bodies en-
tering the Solar System from interstellar space, and bodies already in orbit around the Sun
such as asteroids or space dust. From his analysis it followed that the Neptune-Triton system
had the best capabilities for both capturing an interstellar object and capturing a spacecraft
from Earth. All other planet-moon systems could only capture an object that was already in
orbit around the Sun (considering appropriate conditions). Cline’s investigation was limited
to purely ballistic capture only, so no orbit insertion maneuvers were incorporated.

Cline showed what the capabilities were for employing satellite-aided capture. Due to the
raising interest in exploring the Jovian system and the presence of the massive Galilean
moons, most of the future work around satellite-aided capture was restricted for a mission
to the Jovian system.

The Galileo mission proved that employing a Jupiter orbit insertion maneuver in combination
with a flyby saved a significant amount of propellant mass that could be used for mission ex-
tension or even extra scientific payload. With this in mind, numerous research expanded the
idea towards double- [24],[28], triple-[18] [16] and even (although limited) quadruple-aided
capture sequences [17]. [27] investigated the capabilities of solar electric propulsion along
the interplanetary trajectory to lower the relative velocity when arriving at the Jovian system.
In combination with one, two or three flybys with the Galilean moons this would not require
any impulsive orbit insertion.

Most of the research mentioned above used an lo flyby in the capture sequence. However
as was mentioned in Subsection 2.1.1 during its Io flyby, the Galileo spacecraft experienced
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Jupiter’s harsh radiation environment. Therefor it never came closer to Io as that first flyby.

2.2 Problem statement

The Galileo mission and the earlier research mentioned in the previous section proved that
satellite-aided planetary capture sequences could be very beneficial for missions to the Jo-
vian system. Not only to lower the impulsive orbit insertion maneuver but also for low-thrust
interplanetary trajectories.

Keeping in mind that most of the research used flybys with lo because of it’s significant orbital
velocity, which generally is beneficial for performing flybys. However, the author argues that
all To-aided (single or multiple) capture sequences would imply that they would pass through
Jupiter’s harsh radiation environment. Therefor either the spacecraft should be equiped with
severe radiation shielding material or after the capture sequences a perijove raise maneuver
would be required. Both of these diminish the positive effects of an Io flyby upon entry. So
from this came the motivation to investigate the possibilities of low-radiation capture trajec-
tories.

[27] proved solar electric propulsion along an interplanetary trajectory combined with satellite-
aided capture trajectories would not require an impulsive maneuver for planetary capture.
The author further argued that missions to the Jovian system are generally equiped with
low-thrust propulsion. Choosing low-thrust propulsion over high-thrust propulsion can sig-
nificantly extend the lifetime of a mission. Or as an alternative, due to the mass savings that
come along with low-thrust propulsion, the spacecraft’s payload mass could be increased.

The preceding findings triggered the idea of combining low radiation satellite-aided capture
trajectories with low-thrust propulsion. This would imply flybys with one, two or three of
the Galilean moons (excluding Io), an impulsive orbit insertion maneuver at the perijove and
low-thrust propulsion along the capture trajectory.

From the discussion presented in this section, the author created the following research
problem, explained in the next section.

2.21 Research problem

The research problem of this thesis research is illustrated in Figure 2.2. A spacecraft coming
from a heliocentric trajectory arrives at the Sphere Of Influence (SOI) of Jupiter when it is
at its apocenter of the heliocentric Hohmann transfer trajectory. Therefore it arrives with
Vapocenter < Vjup. Thus the spacecraft enters Jupiter’s SOI with a certain excess velocity. As-
suming proper interplanetary trajectory optimization, the angle of the hyperbolic approach
velocity upon entering the SOI of Jupiter, and the velocity vector of Jupiter is assumed to
be close to 180°. The magnitude of the hyperbolic excess velocity corresponds to a heliocen-
tric Hohmann transfer from Earth to Jupiter. The desired final conditions for the capture
trajectory are taken as a highly eccentric long-period (200 days) orbit, avoiding the harsh
radiation environment of Jupiter (Figure 2.2). A long period is desired because long-periodic
orbits have significant orbital energy. This orbital energy can then be conserved during the
scientific tour through the Jovian system.

The challenge now is to look for possible optimal flyby sequences with the Galilean moons,
incorporating low-thrust, that match (or come in the vicinity of) both the initial and final
conditions.

2.2.2 Research question

The research problem stated in the previous section will be investigated by answering the
general research question:
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Figure 2.2: lllustration of a satellite-aided planetary capture trajectory in the Jovian system on a Jupiter-fixed reference frame.
The schematic shows the approach hyperbolic trajectory as a result of a interplanetary Hohmann transfer from Earth, gravity
assist with three of the Galilean moons, the Jupiter orbit insertion (JOI) and the 200 day periodic capture orbit.

What are the performance improvements of using low-radiation satellite-aided planetary
capture trajectories in the Jovian system compared to a purely impulsive capture maneuver
and how could these further be improved by incorporating low-thrust electric propulsion?

This research question can be split up into three sub-questions:

* What are the potential propellant mass savings for low-radiation satellite-aided plane-
tary capture trajectories compared to purely impulsive capture trajectories?

* What are the potential propellant mass savings for low-radiation satellite-aided plane-
tary capture trajectories when low-thrust propulsion along the trajectory is added?

* Which of the promising trajectories could be considered most useful with respect to
mission panning?

The investigation of the first two sub-question will be done by searching for optimal trajecto-
ries in terms of AV and/or propellant mass without considering the required locations of the
moons. This implies an investigation on a purely energetic basis.

The third sub-question takes the positions of the moons into account. By means of an
ephemerides search valid dates of arriving in the Jovian system (or performing the first flyby)
are to be identified. With these the author can reflect upon which sequences are most at-
tractive, if possible at all.

2.2.3 Research procedure

To answer the research questions from the previous section the following research procedure
was used. The author used this procedure to ensure that scientific knowledge would build
up steadily towards the last step.

1. Construct the Tisserand graph for the Jovian system that both incorporates hyperbolic
and elliptic planetocentric orbits. Validate this methodology by constructing the Tis-
serand graph for the Solar System and compare it with literature [26].
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2. Identify optimal satellite-aided capture trajectories in the Tisserand graph for the Jovian
system. Validate optima by reproducing results from literature [24].

3. Create an efficient method for including low-thrust legs in the Tisserand graph. Verifi-
cation of the method is done by comparing the orbital radius with a reference trajectory.

4. Identify optimal low-thrust satellite-aided capture trajectories in the Tisserand graph
for the Jovian system.

S. Create a robust method to solve the phasing problem by incorporating time-of-fight of
the spacecraft.

6. Feed results from the phasing problem to an ephemerides search between 2023 and
2065 using a database [24].

7. Evaluate on findings with respect to the research questions.






Chapter 3

Tisserand graph

This chapter discusses the Tisserand parameter and Tisserand graph. It starts with a brief
explanation of the origins of the Tisserand parameter. Section 3.2 explains the derivation
of the Tisserand parameter from the Jacobi energy integral. The following section discusses
the physics of gravity assists. Section 3.4 presents alternative techniques on how to obtain
the Tisserand parameter. These will become useful in Subsection 3.5.1, on how to construct
a so-called Tisserand graph and how it can be useful for designing multiple gravity assist
trajectories. The chapter closes with a discussion on the limitations of a Tisserand graph
and parameter in Subsection 3.5.3.

3.1 Tisserand parameter

The French astronomer Félix Tisserand first derived the Tisserand parameter in 1889 [29,
p478]. Its purpose was to verify whether a comet observed from Earth is the same comet
observed earlier but perturbed due to a close approach with one of the outer planets. By
determining the Tisserand parameter for both observations and checking if the quantity was
the same, he could conclude that both observations were the same comet. Nowadays, the
Tisserand graph provides physical insights into the characteristics of possible flyby trajecto-
ries. Due to the fact that the Tisserand parameter is conserved in the three-body problem,
it serves as an excellent tool to determine the effect of a close approach (e.g., gravity assist)
on the orbit of a spacecraft. The following section presents the derivation of this Tisserand
parameter.

3.2 Derivation
The Tisserand parameter derivation starts from the Jacobi energy integral. This is defined

in the Circular-Restricted Three-body Problem (CR3BP) [29]. The CR3BP holds the following
assumptions:

* The CR3BP consists out of three bodies with masses m,, m, and ms.

* Two of the masses (m; and m,) are comparable and one (mj3) is considered negligible.
This arranges the three masses in the following way: m; = m, > ms.

* The only forces acting on the bodies are the mutual gravitational forces between the
bodies.

* The two massive bodies (with masses m; and m,) are moving in a circular orbit about
their common barycenter with constant angular velocity n.

15
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Following these assumptions, the Jacobi energy of the third body (with mass m3) is derived
as [29]:

m;, m
C]=ZG<—1+—2>+TLZ (x?+y'?)-v"? (3.1)
61 2

The usage of the prime in Equation 3.1 indicates that the (Cartesian) coordinates in x’ and
y' direction are defined in a rotating reference frame, with its origin at the barycenter. This
rotating frame has the same angular velocity as the two massive bodies (with masses m; and
m,) around their mutual center of gravity. Due to this, they appear stationary in this rotating
frame. The distances between the third and the first and the third and the second body are
r; and 7, respectively. V' is the third body’s velocity, again, in this rotating frame. G is the
universal gravitational constant. The Jacobi constant is derived in terms of inertial coordi-
nates. This latter demands the above equation also to be expressed in inertial coordinates.
For brevity, this process is not repeated here. Equation 3.2 presents the final result. For
more information, the reader is referred to [20].

H1 U2 . .
C]=2r—+2r—+2n(yx—xy)—V2 (3.2)
1 2

For convenience, the bodies’ gravitational parameter, u; replaces the product of the universal
gravitational constant with each of the masses of the bodies (e.g., y; = G * m;). Also, notice
the dot above the coordinates, which indicates the first derivative with respect to time. As
all coordinates are now inertial coordinates, the primes are omitted in Equation 3.2. One
can also define the Jacobi constant in terms of Kepler elements. From the definition of
Kepler elements, this essentially assumes that two-body dynamics can express the third
body’s motion. In other words, bodies m, and m3; both move in a Kepler orbits around body
m;. Assuming the preceding makes the force exerted by body m, on body m; essentially
a perturbation. Therefore, we change the assumption that the masses m; and m, are of
comparable magnitude even if the mass of the second body m, is also negligible compared to
the first body’s mass m;. When the distance between the second and third bodies is small
enough, the second body’s gravitational force acting on the third body will become bigger
than that of the first body. So, as long as the distance between the second and third bodies
is large, both the second and third bodies can be assumed to have a Kepler orbit around the
first body. Kepler orbits are expressed in terms of Kepler elements. For more explanation
on these elements, the reader is referred to [12]. The following equations substitute these
Kepler elements in Equation 3.2. Note that Equation 3.3 up to Equation 3.6 represent orbital
elements of the third body. Equation 3.7 represents the angular velocity of the second body
around the first body when the mass m, is assumed to be negligible (which is also equal to
the rotational rate of the rotating reference frame considered in Equation 3.1).

V= 2 1 (3.3)
—H nooa '
H, = (yx — xy) (3.4)

H, = Hcosi (3.5)

H=+y(1—-ed)ay (3.6)

n= J’:; (3.7)

The vis-viva equation (Equation 3.3) relates the velocity of the third body to its position r; and
semi-major axis a. All with respect to the first body. The specific angular momentum H is
given by Equations 3.4, 3.5 and 3.6. The subscript z corresponds to the z-component of this
quantity. Other orbital elements used are the inclination i of the third body (measured with
respect to the second body’s orbital plane), e is the eccentricity and r refers to the second
body’s orbital radius. After substituting the above equations in Equation 3.2 the result is the

following: p p
C; = ;1 +2ny/ (1 —e?) ayy cosi+2r—2 (3.8)

2
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As mentioned before, considering a significant distance (r;) between the third and second
body, the last term on the right-hand side becomes negligible. From literature [29], it is
known that a distance equal to the radius of the SOI [12] is large enough to make this as-
sumption valid. The equation for determining this sphere of influence is given by:

m 2/5
RSOI = a(m—2> (39)

1

where a is the semi-major axis of the second body around the first. Applying the foregoing to
Equation 3.8, the equation reduces to Equation 3.10. Here, the notation T, is introduced as
the Tisserand parameter. Because the Tisserand parameter is derived from the Jacobi energy
integral, it in general is a measure of the three-body energy of the third body. From [12] it is
known that three-body orbital energy is conserved in one three-body system. So even a close
approach with the second body would not change this quantity (determined when the third
body is out of the SOI of the second body).

T, = %1 + 2ny (1 —e?) au, cosi (3.10)

3.3 Gravity assist

The previous section shows that the Tisserand parameter is conserved within the CR3BP after
a close encounter with a secondary body. Such a close encounter is often referred to in this
thesis report as a gravity assist or flyby. This section will discuss the physical characteristics
of an unpowered (purely ballistic) gravity-assist trajectory. A ballistic gravity assist only
considers gravitational attraction, thus ruling out all other forces such as atmospheric effects
or rocket thrusting. This latter essentially means that a Kepler orbit can describe such a
trajectory. A gravity-assist trajectory is a hyperbolic trajectory around the flyby body. A
schematic of such an orbit is presented in Figure 3.1 considering a planet as a flyby body.

Figure 3.1: Schematic of a gravity-assist trajectory around a flyby planet in a planet-centered inertial reference frame [10].
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In this thesis report, the flyby body will mostly be a moon (natural satellite). Still, a planet
orbiting the Sun is used here to explain the physics of gravity-assist trajectories. In literature,
one often refers it to as the secondary orbiting the primary or central body in the CR3BP.
For the gravity-assist trajectory to be a hyperbola, the planet should move in a straight linear
motion. Considering the time that the spacecraft is within the SOI of the flyby planet and
comparing it with the orbital period of the planet’s heliocentric orbit, this is considered a
valid assumption. Due to this latter, one can assume a gravity assist as an instantaneous
velocity change applied to the heliocentric trajectory. From Figure 3.1, one can create a vector
diagram that further illustrates the effects of gravity assists on the velocity. Figure 3.2 shows
this vector diagram.

Figure 3.2: Vector diagram of the velocity vectors to be considered for gravity assist trajectories [10].

In this figure, the quantities V- and V* represent the spacecraft’s velocities with respect to
the Sun, respectively before and after the flyby. In both Figure 3.1 and Figure 3.2, Vj4net
is the velocity vector of the planet with respect to the Sun, Vi and V! the hyperbolic excess
velocity vectors of the spacecraft before and after the flyby (infinity far away from the planet,
i.e., effectively at the sphere of influence of the planet). These are defined with respect to the
flyby planet. The pump angles a*/~ are measured between the velocity of the planet and the
velocities Vit/™.

Now considering this pump angle, when at = 0, the velocity of the spacecraft w.r.t. the Sun
(e.g. V*) is maximal and visa versa when a* = m, V* is minimal. Therefore, both angles a*/~
indicate the orbital energy with respect to the Sun. The effect of a gravity assist is generally a
change in the pump angle from a~ to at by a quantity §, which is the turning/bending angle
(at = a” — §). The turning angle often expresses the AV as a result of the gravity assist (AV;,4
in Figure 3.2). Combining this with the property of a hyperbolic trajectory that the velocities

7/~ are the same, one can calculate AV; 4 using the following relation.

AV s = 2sin(8/2)Vy (3.11)
The vis-viva equation (Equation 3.3) determines the velocity with respect to the Sun before
the flyby. The planet’s orbital radius gives the position vector r. The velocity of the spacecraft
after the gravity assists is calculated using the cosine rule:

2
(V)" = Vianet + V& + 2VtanetVeo cos (@) (3.12)

Note that Equation 3.12 also holds for the situation before the gravity assist (V), by substi-
tuting the pump angle before the flyby (@~). Now to know the pump angle after the flyby, the
turning angle needs to be determined. This turning angle is related to the pericenter radius,

the velocities(s) v/ ~, and the gravitational parameter of the flyby planet p,.

sing/2=—1 (3.13)

1+ L

™
Then the hyperbolic excess velocity V,, is determined. Up to this point, no assumptions on
three-dimensional or two-dimensional geometry were taken. Throughout this thesis report,
only two-dimensional flybys (no relative inclination) are considered. The three-dimensional
case further complicates the problem geometrically and is left for future recommendations.

For the two-dimensional case, the velocity V,, is calculated using the following relation:
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Vog = szlanet + (V_)Z - ZVplanetV_ cosy (314)

Equation 3.14 introduces the flight path angle y (¢ in Figure 3.2). This angle is determined
before the gravity assist with the angular momentum H, the orbital radius of the flyby planet
7 and the heliocentric velocity V™:

cosy = (3.15)

TfV_
This concludes that the entire (two-dimensional) hyperbolic flyby trajectory can be expressed
by Equations 3.12 up to 3.15.

3.4 Variations of the Tisserand parameter

This section introduces three different ways to calculate the Tisserand parameter (apart from
the original one given by Equation 3.10). These will become useful when constructing the
so-called Tisserand graph in Section 3.5.

3.4.1 Orbital energy and pericenter radius

A handy set of parameters to calculate the Tisserand parameter is the orbital energy and
pericenter radius. When using the semi-major axis and eccentricity, the resulting Tisserand
graph shows asymptotic behavior (semi-major axis goes to infinity) around e = 1, which is
challenging to interpret. The advantage of using orbital energy and pericenter radius is that
they are both defined for every Kepler orbit type. Note that the pericenter radius is given
by Equation 3.16 and the orbital energy by Equation 3.17. After substitution of these two
equations in Equation 3.10 the Tisserand parameter is expressed in terms of orbital energy
and pericenter radius:

n=a(l-e) (3.16)

—u
E=—
2a

T, = —2E +2n /erzE + 2r,pucosi (3.18)

Note that Equation 3.18 still considers the inclination. For the purely two-dimensional case,
this would be equal to zero and the resulting cosine would be equal to one.

(3.17)

3.4.2 Orbital energy and angular momentum

From the derivation of the Tisserand parameter, it is known that the second term on the right-
hand side is the z-component of the angular momentum (Equations 3.4 and 3.5). Therefore
one can express the Tisserand parameter in terms of energy and angular momentum as
shown in Equation 3.19. Again, note the presence of the inclination in the equation.

T, = —2E + 2nH cos i (3.19)

3.4.3 Hyperbolic excess velocity

The hyperbolic excess velocities v/ ", similar to the Tisserand parameter, are conserved dur-
ing a purely ballistic gravity-assist trajectory. Moreover, literature [13] has proven that it is
possible to construct a Tisserand graph without the use of the Tisserand parameter. More-
over, it suggests that the hyperbolic excess velocity and the Tisserand parameters are equiva-
lent. Consider Equation 3.14, the velocity of the planet around the Sun is assumed constant
and equal to the circular velocity (Section 3.2). This circular velocity is given by Equation 3.20
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with p, the gravitational parameter of the Sun and r the orbital radius of the planet (for cir-
cular orbits, equal to the semi-major axis).

Vz _ :u'S

planet r

(3.20)

Substituting the above equation for the circular velocity, the vis-viva equation for the helio-
centric velocity before the flyby V™~ and the equation for the flightpath angle y (e.g. Equations
3.20, 3.3 and 3.15) in Equation 3.14 for the hyperbolic excess velocity, one can rewrite this
to the following new equation for the angular momentum:

3 1 3
H =—<Vo§——“1 +ﬂ) . /1 (3.21)
r a ) 2cosi,|u

Note that the constant angular velocity of the planet around the Sun is given by Equation 3.7.
Now combining this equation with Equations 3.17 and 3.18 gives a new equation (3.22) for
the Tisserand parameter in terms of hyperbolic excess velocity. An important consideration
of this equation is that although the inclination is not present in the equation, it holds for all
inclinations.

T, = 2L V2 (3.22)

3.5 Tisserand graph

The previous sections showed that there are multiple ways to express or calculate the Tis-
serand parameter. These are useful when constructing the actual Tisserand graph. Because
the Tisserand parameter is constant throughout a gravity assist, it is possible to build a
graph considering multiple flyby planets and hyperbolic excess velocities that is very useful
in designing multiple gravity-assist trajectories. First, the algorithm of constructing the Tis-
serand graph is explained, then the Tisserand graph of the outer Solar System is shown with
an explanation of how it is used.

3.5.1 Construction

The inputs of a Tisserand graph are the pump angle «, the hyperbolic excess velocity V,, and
the physical characteristics of the flyby bodies and central body (gravitational parameter,
orbital radius and physical radius). Only the two-dimensional (coplanar) Tisserand graph is
discussed here, so no inclinations are considered. A single point on the Tisserand graph is
created in the following steps:

1. Determine the spacecraft’s velocity with respect to the central body at the orbital radius
of the flyby body Equation 3.12.

Use the vis-viva equation (3.3) to obtain the semi-major axis.
Calculate the orbital energy using Equation 3.17.

Calculate the Tisserand parameter using Equation 3.22.
Determine the angular momentum using Equation 3.19.

Calculate eccentricity by solving Equation 3.10.

N o g & Db

Calculate the pericenter radius using Equation 3.16.

As said at the beginning of this subsection, the inputs of a Tisserand graph (apart from the
physical characteristics of the central body and flyby bodies) are the pump angle and the
hyperbolic excess velocity. For a full graph instead of a single point, a range for the pump
angle from O to 180°is taken and for the hyperbolic excess velocities V,, most often steps of one
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km/s are taken. Then the algorithm is repeated for each hyperbolic excess velocity and every
flyby body. In theory, there is no bound for the maximum hyperbolic excess velocity, but the
effect of a single flyby will become smaller for large hyperbolic excess velocities. Moreover,
large values for the hyperbolic excess velocity will result in a negative angular velocity. A
negative angular velocity means a retrograde orbit around the central body. Considering
the subject of this thesis report, retrograde orbits are not useful and thus excluded. The
additional benefit of this is that the graph becomes clearer.

A full Tisserand graph consists of multiple contour lines representing a different value of
hyperbolic excess velocity and flyby body. Figure 3.3 presents such a Tisserand graph of the
outer Solar System.

50

Energy [kmzlsz]

-100

-150

R, [AU]

Figure 3.3: Tisserand graph of the outer Solar System. Thick marks on the contour lines illustrate the effect of a single gravity
assist with the planet considered taking into account the maximum bending angle as a result of the minimum flyby altitude (six
Jupiter radii for Jupiter, three Saturn radii for Saturn, and two planetary radii for Uranus and Neptune). Increments for the
hyperbolic excess velocity are set to 2 km/s increasing from lower right to upper left.

The algorithm of the Tisserand graph was implemented in C++, tested for the Solar Sys-
tem and compared with results from literature [12, p.46] in Section 9.1. This is shown in
a later chapter on verification and validation. Both results fully overlap and therefore is
the algorithm considered validated. Then the physical characteristics of the Jovian system
are implemented in the algorithm, taking into account the four Galilean moons (lo, Europe,
Ganymede and Callisto) and Jupiter. Running the algorithm for this system resulted in the
Tisserand graph presented in Figure 3.4. Other variations of the Tisserand graph also exist.
For example, the orbital period or apocenter radius can be put on the y-axis instead of the
orbital energy. This implies the same algorithm as outlined above but with an additional
step of calculating the orbital period using Equation 3.23 or Equation 3.24. The downside of
these versions of the Tisserand graph is that they can only be used for orbits that are closed
around the central body (elliptical). Regarding the thesis topic in this report that treats the
transition from open to closed orbits, these are less useful and therefore excluded from this
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Tisserand Graph for the Jovian system with 300 km flyby altitude
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Figure 3.4: A Tisserand graph of the Jovian system taking into account the four large Galilean moons. The spacing between
the tick marks illustrates a single flyby’s effect with that particular moon, with that specific excess velocity at a flyby altitude of
300 km. Increments for the hyperbolic excess velocity are set to 1 km/s increasing from lower right to upper left.

3 2
T=2n/%=n 2“? (3.23)

r=a(l+e) (3.24)

report.

3.5.2 Using the Tisserand graph

A Tisserand graph is a useful tool for designing multiple gravity-assist trajectories. How this
works precisely will be explained in this section employing an Earth-Venus-Earth-Earth-
Jupiter or short EVEEJ trajectory. For this, a new Tisserand graph for the planets Venus up
to Jupiter is created and shown in Figure 3.5.

By observing the Tisserand graph, one notices that some of Earth’s contours intersect with
other planets’ contours. Such an intersection suggests that a spacecraft with that particu-
lar orbit (orbital energy and pericenter radius) can reach that particular planet’s orbit. This
makes it possible for the spacecraft to perform a flyby with that planet (considering the hyper-
bolic excess velocity specified by the contour of that planet). Each flyby (with minimum flyby
radius) alters the orbit of the spacecraft to reach other planets without the use of propellant.
Figure 3.6 illustrates this for the EVEEJ sequence.

Figure 3.6 shows the contour lines used for this particular sequence. The arrows in the graph
indicate the orbital changes as a result of a single flyby and the cross marks the initial point.
First, performing a flyby with Earth at a hyperbolic excess velocity of 3 km/s to reach the
orbit of Venus. Then a flyby with Venus at I, of 5 km/s to reach the orbit of Earth again. This
does not violate energy conservation in the three-body problem since the spacecraft switches
between two three-body systems and thus exchanges energy with another secondary (e.g.
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Tisserand Graph for inner Solar System
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Figure 3.5: A Tisserand graph of planets Venus up to Jupiter. Thick marks on the contour lines illustrate the effect of a single
gravity assist with the planet considered taking into account the maximum bending angle resulting from the minimum flyby
altitude (200 km for Venus and Mars, 500 km for Earth and six Jovian radii for Jupiter). Increments for the hyperbolic excess

velocity are set to 1 km/s.

EVEEJ multiple gravity assist trajectory on Tisserand Graph

-100 [ Jupiter V\ =7 km/s

-200

" EarthV_ =3 km/s

Energy [km2/32]

-600 -

-700

Venus VK =5 km/s
1 1 n I 1

0.5 1 1.5
Rp [AU]

-800

Figure 3.6: An EVEEJ multiple gravity-assist trajectory to the Jovian system. Cross indicates the initial point in Tisserand graph
after launch from Earth.
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planet). The spacecraft then performs two more flybys at a V,, of 9 km/s to reach the Jovian
system at a V, of 7 km/s.

3.5.3 Limitations

In the previous sections, both the Tisserand parameter and Tisserand graph have been de-
rived and introduced. While doing so, several assumptions were made that influence the
usage of the Tisserand graph. It is vital for the following chapters that the reader is aware of
these as it will be reflected upon.

All Tisserand graphs considered so far do not include any form of thrust. The trajectories
considered are purely ballistic, no intermediate maneuvers are considered. However, it has
been proven [23] that including such an intermediate maneuver could significantly reduce the
total mission cost. Powered gravity assists (Oberth maneuver [12, p.43]) are not considered.
These change the V,, during the gravity assist what could positively affect the overall mission
performance. However, the gains from these powered flyby’s are much smaller than those
resulting from intermediate maneuvers. From the Tisserand graph, one observes the change
in orbital energy and pericenter radius due to a flyby. The Tisserand graph however does not
give any insight into the moons’ location, also called the phasing, which will be discussed in
a later chapter. This could mean that a particular sequence only occurs once in a very long
time but is possible from a purely energetic perspective. It is essential to consider that the
lines on the Tisserand graphs shown so far illustrate how the Tisserand parameter can be
used to construct multiple gravity-assist trajectories. In reality, a point that lies in between
the lines represents an orbit with a specific V,, with respect to a particular flyby body. Of
course, if the pericenter radius lies beyond the flyby body’s orbital radius, the spacecraft can
not perform a flyby with it.



Chapter 4

Capture trajectories in the Tisserand
graph

This chapter investigates the possibilities of ballistic satellite-aided planetary capture in the
Jovian system. Starting, a brief description of the basic principle of capturing a spacecraft
into a closed orbit is given in Section 4.1. Then Section 4.2 explains the optimization routine
used to find ballistic capture trajectories on the Tisserand graph. This holds the creation
of a fitness function, choice of the optimization algorithm, and the algorithm’s tuning. In
Section 4.3 the results of single-, double- and triple-aided capture trajectories are presented
and discussed. The chapter closes with some concluding remarks with respect to the result
and methodology of this chapter.

4.1 Capturing a spacecraft

When a spacecraft arrives at the Jovian system with a hyperbolic excess velocity and orbital
energy (E > 0) resulting from the foregoing heliocentric trajectory, it must lower its orbital
energy towards the closed orbit (elliptic) regime (E < 0). This fundamental difference in orbital
energy is illustrated in Figure 4.1.

Hyperbola
Orbital energy >0

Parabola
Orbital energy =0

Ellipse
Orbital energy <0

Figure 4.1: Fundamental difference in orbital energy between open and closed orbits.
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From the three-body problem, [12, p27] it is known that a purely ballistic permanent capture
around a planet in a Sun-planet-spacecraft three-body system is impossible. The reason for
this is that almost every particle will pass arbitrary close to its initial position in phase-space.
Therefore it will, at some point, escape the target planet again. For that reason, some sort of
mechanism is required to close the orbit of the spacecraft permanently. The most straightfor-
ward way to do this is to perform an impulsive rocket thrusting or JOI maneuver (optimally
performed at perijove of the hyperbolic trajectory), which closes the orbit and captures the
spacecraft around Jupiter. However, this rocket thrusting requires a significant amount of
propellant mass compared to the spacecraft’s total mass. By performing a (sequence of) grav-
ity assist(s) with one (or more of) the massive moon(s) of Jupiter, the orbital energy of the
spacecraft could already be lowered such that the total propellant mass required for the JOI
would be less. The greatest advantage of this is that these mass savings could be used for
extra scientific payload, or for mission extensions.

4.2 Identifying capture trajectories in Tisserand graph

This section explains the methodology used to find the best satellite-aided planetary capture
trajectories in the Jovian system. It starts with creating a fitness function that quantifies to
what extent a particular trajectory is a good candidate to be used as satellite-aided capture
trajectory. The fitness function uses the methodologies of the Tisserand parameter. From
previous chapter it is known that the Tisserand parameter and moreover the Tisserand graph
is a good tool for identifying multiple gravity assist trajectories. Earlier research [18],[16] uses
a more simple patched conics approach without specifically using the Tisserand parameter.
Then Subsection 4.2.4 briefly explains the choice of the optimization algorithm. This is fur-
ther extended in Subsection 4.2.6 where the optimizer’s tuning settings are discussed. A
good selection of these tuning settings ensures fast convergence behavior of the optimizer,
which is beneficial in terms of calculation time.

4.2.1 Fitness function

A fitness function or objective function summarizes to what extent a particular trajectory
achieves a specific set of goals. Concerning satellite-aided planetary capture, this depends
on the preferred captured orbit. For ensuring a long scientific lifetime of a mission to the Jo-
vian system, it is beneficial to preserve as much orbital energy as possible. From literature
[12] it becomes clear that a highly eccentric and long-periodic orbit (200 days) are satisfactory
for this. Such an orbit has considerable orbital energy that can be preserved during the sci-
entific part of the mission. In theory, there is no limit on the captured orbit period; however,
longer than 200 days could result in perturbations acting on the spacecraft becoming rela-
tively too large compared to Jupiter’s gravitational acceleration and too long times of flights.
Alternatively, it is also possible to capture the spacecraft into a shorter-period orbit. How-
ever, this requires a trade-off between reducing the flight time against increasing the JOI
velocity increment (e.g., AVjo;). As explained earlier, satellite-aided planetary capture uses
flyby(s) with one or more of Jupiter’s massive moons (e.g., Galilean moons) combined with
an impulsive JOI to lower the spacecraft’s orbital energy and close the orbit around Jupiter.
These are steps towards the satisfactory capture orbit. To investigate the possibilities of this,
the following objective function is created.

1. Obtain the initial perijove of the hyperbolic approach trajectory from the parameter vec-
tor. Together with the initial orbital energy, this makes the first point on the Tisserand
graph.

2. Calculate the initial eccentricity using Equation 3.16.

3. Obtain the flyby moon from the preset flyby sequence. If the preset sequence demands
a JOI, proceed to step 12.

4. Calculate the velocity V~ with respect to Jupiter using the vis-viva equation.
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S. Calculate the mean angular motion of the flyby moon around Jupiter using Equa-
tion 3.7.

6. Determine the Tisserand parameter for the initial point (orbital energy and perijove) on
the Tisserand graph using Equation 3.18.

7. Using the Tisserand parameter, calculate the angular momentum with Equation 3.19.
8. Obtain the hyperbolic excess velocity with respect to the flyby moon using Equation 3.14.

9. Obtain the minimum flyby altitude from the parameter vector and use it to calculate
the turning angle with Equation 3.13.

10. Calculate the increment in orbital energy for this turning angle.

11. Update the orbital energy, semi-major axis, eccentricity and perijove. Proceed to step
15.

12. Calculate the velocity at perijove V

» using the vis-viva equation.

13. Obtain AV),, from the parameter vector; subtract AV),, from V,.

14. Update the orbital energy using the vis-viva equation, semi-major using Equation 3.17
and eccentricity using Equation 3.16.

15. Repeat steps 2 up to 14 for the whole preset flyby sequence.

After the sequence is completed through the algorithm above, the fitness as a result of the
parameter vector is defined by the last parameter in the parameter vector, that is AV, plus
the absolute difference in orbital energy from that of the desired 200-day periodic captured
orbit. (Equation 4.1). A weight factor W of 1000 was added to ensure faster convergence.
Due to the order of magnitude of the orbital energy compared to that of AV}y; no weighting
for the absolute difference in orbital energy was needed.

J = AVjo; * W + AE (4.1)

The fitness function in Equation 4.1 is the basic fitness function. It does not yet hold penal-
ties. Penalties indicate that a particular set of parameters results in a faulty region in the
solution space. Two cases for which a penalty is added are as follows:

Prp A first penalty (flyby penalty) is added when the parameter vector leads to a point on the
Tisserand graph where a subsequent flyby with the flyby moon in the preset sequence
is not possible. This occurs if the spacecraft’s perijove (with respect to Jupiter) is larger
than the orbital radius of that moon. Because the perijove is the minimum radius with
respect to Jupiter it is impossible for the spacecraft to reach the orbit of that particular
moon. Therefore the results following would be undesired. The penalty is added and the
algorithm above is broken to prevent the optimization to use the corresponding settings
for the decision vector again.

P.qa A second penalty is given when the resulting perijove of the spacecraft reaches the
harsh radiation environment of Jupiter as a result of a flyby (radiation penalty). Lower
radiation capture trajectories have a minimum perijove of eight Jupiter radii [18]. Being
closer to Jupiter results in a more intense radiation dose that could harm scientific
equipment or increase spacecraft’s mass due to radiation shielding material. Due to
the orbital radius of Io, this penalty excludes possible flybys with Io.

For both cases the penalties are equal to 1012 and are added to the fitness function in Equa-
tion 4.1, and arrive at the complete fitness function:

]:AV]OI*W+AE+be+PTad (42)
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4.2.2 |Initial conditions

In the algorithm described above, the flyby sequence is preset. A previous version where
this was not the case was also examined. However, this extended the search domain for the
parameter vector to such an extent that the solutions found for a particular seed number
initiation did not overlap with that of another seed number. Furthermore, the algorithm re-
quired too much function evaluations to get to a converged solution. Therefore, the author
chose to preset flyby sequences. This gave the benefits that the potential gains for each pos-
sible flyby sequence could be investigated separately. The initial orbital energy is a result of
a foregoing heliocentric trajectory. This thesis research assumed a direct Hohmann transfer
from Earth. Figure 4.2 gives a schematic of such a trajectory. By assuming coplanar, circular

\

Jupiter orbit

Earth orbit

Interplanetary Hohmann transfer

Figure 4.2: lllustration of interplanetary Hohmann transfer.

planetary orbits, the spacecraft arrives at Jupiter with a relative velocity of 5.65 km/s. This
relative velocity is equal to the hyperbolic excess velocity in the Jovian system. From this
follows the initial condition for orbital energy. Equation 4.3 calculates the semi-major axis
of this hyperbolic approach trajectory. Then Equation 4.3 gives the initial orbital energy as
16.347 km?/s?. Note the minus sign in Equation 4.3 as a result of the negative semi-major
axis of a hyperbolic trajectory.
—u

Voo = " (4.3)
Another version was developed that did not preset the initial orbital energy but instead let
the optimizer chose a value within a range of 13.005 and 19.006 km?/s?. The motivation
for this was to investigate if an initial orbital energy higher than the nominal value could
result in more effective flybys with particular moons, resulting in a larger orbital energy
increment. The result was that all solutions converged towards the lower limit of the range.
The author argued that this only increased the required function evaluations without any
scientific benefits. Therefore, the initial orbital energy was preset to 16.347 km?/s? which is
the nominal value resulting from a foregoing interplanetary Hohmann transfer from Earth.
From the 200 day period for the desired capture orbit, the semi-major axis a. was calculated
using Equation 3.23 and Equation 3.17 gives a desired orbital energy of —6.4251 km?/s?.
Note this is a final condition, but it seemed convenient for the author to include it here.

4.2.3 Parameter vector

The parameter vector contains the initial perijove radius of the hyperbolic approach trajectory
in the Jovian system, the flyby altitudes for each flyby and the AV,y;. For completeness, the
parameter vector is illustrated here for a triple-aided sequence:

Xp = {Rp'hlﬂhz’ h3, AV]OI} (44)
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The search domain for the initial perijove is set to 8R; to 30R; to ensure that it includes the
orbital radius of Europa (9.39R;), Ganymede (14.97R;) and Callisto (26.34R;). This excludes
Io, but the section on penalties had already explained this. The flyby altitudes are allowed to
vary between a range of 500 and 4000 km. The motivation for this 500 km minimum flyby
altitude is because of navigational concerns and ephemeride errors. As the Galilean moons
orbit Jupiter at high velocity, an error in ephemerides at which the flyby is executed results in
a deviation from the nominal flyby altitude. This error is then propagated towards following
flybys, resulting in even larger errors. Therefore the minimum flyby altitude is set at 500
km, where the effects of these deviations are relatively small (acceptable). It is expected that
optimal solutions will approach the lower limit of this flyby altitude because of the orbital
energy increment dependency on the minimum flyby radius. However, it will become clear
in the discussion on the results that it is of additional value to investigate the possibility of
flyby altitudes other than the minimum. The domain for AV}, is set from zero to 1100 m/s.
The lower limit of this is quite straightforward. The upper limit lies close to the required JOI
when no flybys are used and the spacecraft is only captured by means of the JOI itself (i.e.
1069 m/s).

4.2.4 Optimization algorithm

This subsection explains the motivation for the choice of the optimization algorithm. It will
not give an overview of all possible optimization algorithms. For more information on this
the reader is referred to [12].

The optimization intends to find a global optimum in terms of required AV, to insert the
spacecraft in a desired (highly eccentric 200-days periodic orbit) as a result of the initial
perijove radius of the hyperbolic approach trajectory and flyby altitudes. One could use a
local optimizer when the search space is smooth, possibly even combined with multi-start
methods. However, for a gravity-assist problem in the Tisserand graph, the search space
is considered irregular [10] because the problem is of a higher order (e.g., more extended
parameter vector). Therefore, global optimization is deemed the best choice.

A simple Monte Carlo or grid search optimizer requires an enormous sample size to arrive at
a reliable optimum. This generally results in investigating parts of the search space that are
not interesting, leading to unnecessary large numbers of function evaluations. Therefore the
author chooses not to use this method for conducting the research.

Considering the (meta)heuristic methods with global search methods, the choice is made by
considering availability and previous experiences with the algorithm. To cut down the time
spent on programming and testing, the Parallel Global Multi-objective Optimizer (PaGMO)
toolbox [2] was chosen. It holds most of the modern metaheuristic algorithms such as Differ-
ential Evolution (DE), Particle Swarm Optimization (PSO), Genetic Algorithm (GA) and Sim-
ulated Annaling (SA). Earlier research [22] concluded that DE outperforms PSO and GA al-
gorithms. SA is, in most cases, not considered due to the fact that it does not handle widely
varying solution spaces very well and often, because of this, does not converge towards the
correct global optimum. Therefore DE is considered the best choice.

4.2.5 Differential Evolution

The previous section explained the choice for DE algorithm. Now the working principle of
the DE is explained. DE is a population-based (meta-)heuristic optimization algorithm. A
heuristic method uses the knowledge available from previous objective function evaluations
to direct the parameter vector where to look in the search space for creating new populations.
Because the algorithm uses a random component to make new populations, it is called a
meta-heuristic algorithm. Furthermore, it is population-based because it uses a set of trail
solutions or, in a word, a population.

The DE algorithm originates from [25] where concepts of evolution theory were used to solve
the fitting Chebychev polynomials problem. Figure 4.3 gives an illustration of the DE algo-
rithm through a flowchart. The terms used here originate from evolution theory. NP is the
size of the population and P the population itself.



30 4. Capture trajectories in the Tisserand graph
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Figure 4.3: Flowchart of a simple DE algorithm [15].

The DE algorithm’s essential steps illustrated in Figure 4.3 are the mutation, crossover, and
selection. Therefore a brief explanation on these follows. One last thing to note is that the
optimization problem is always a minimization problem. Optimizations that require maxi-
mization of the fitness can simply invert the fitness function (Fitness™?).

Mutation

The mutation step creates a mutant or a donor vector using a base vector and a number of
difference pairs. The following equation gives a random method with one difference pair. Ten
different mutation methods will be tested in Subsection 4.2.6.

Vie =Xy +F (X6 —Xpi () (4.5)

In Equation 4.5 X is a decision vector of the population. The three X, indicated by the r sub-
script, are mutually exclusive random samples of the population. G indicates the generation
number. The subscript i of X; indicates the parent vector for which the mutant is made.
Lastly, F is the mutation scale factor, a tuning parameter that generally has a large influence
on the DE algorithm’s overall performance. Typical values for the scale factor F are within
the interval [0.4,1.0].

In earlier research [23] it was concluded that using the best-known decision vector instead of
X in Equation 4.5 can be beneficial. However, a strategy based on the best-known solution
generally converges towards a sub-optimum rather than the overall optimum. Therefore, the
random strategy is preferred over the best-known solution strategy.

Crossover

The mutant vector explained above needs to be combined with the parent vector to obtain
the trail vector. The selection process then uses this trail vector. The notation of the trial
vector is U; ;. Both in PaGMO and the DE algorithm’s original paper, two strategies for the
crossover are considered. The first one is exponential crossover, which combines part of the
mutant vector with the parent vector. The second strategy is binomial crossover, where every
single element of the mutant vector has a probability of being placed in the trail vector. The
difference between the two is illustrated in Figure 4.4. From [14] it is known that the binomial
crossover should be at least as good as the exponential crossover, in some cases even better.
Concerning the optimization problem described in this chapter, binomial crossover seems
to be the better choice. However, this will still be investigated in Subsection 4.2.6. The
parameter C, defines the probability of crossover or simply “crossover rate”. Similar as the
mutation scale factor F, this has a strong influence on DE’s overall performance. Typical
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Figure 4.4: The difference between exponential and binomial crossover [25].

values of the crossover rate lie within the interval [0, 1.0]. The crossover rate is always smaller
than 1, suggesting that there is only a minimal probability that no crossover will happen at
all. When this is the case, none of the mutant vector elements are present in the trail vector.
Therefore, the DE algorithm is designed to have at least one element from the mutant vector
present in the trail vector. In Subsection 4.2.6 different settings for the crossover rate and
scale factor and different mutation strategies are tested.

Selection

The selection step is the most straightforward in the algorithm. It follows the principle of
“survival of the fittest”. The objective function value (fitness) of the parent and the trail vec-
tor are compared with one another and the vector with the lowest fitness is added to the new
generation. When it is the case that the fitnesses are equal, the trail vector is used to prevent
the algorithm from getting stuck on a flat plane (equal fitness) in the search space. This
strategy is named DE /rand/1/bin. The notation rand refers to the fact that the base vector
X riG is chosen randomly. Other variations are best, which takes the best or rand — to — best,
the integer 1 sets the number of difference pairs, and bin is short for the binomial crossover
strategy (exp for exponential). Other variations for the mutation strategy are presented in
Table 4.1 and tested in Subsection 4.2.6. The notation best refers to the best known decision
vector instead of Xri' in Equation 4.5. The rand — to — best notation combines both the best

and rand methods. In a DE iteration, the new members of the population are not inserted
back into the old populations, but a secondary population is used to store the new members.
Note that if the parent vector was better, the new members could also be the old members.
So during a single iteration, the population does not change. An iteration is finalized when
all members of the population have been a parent vector. This means that for each iteration
of the DE algorithm, the objective function is calculated NP times and members of the popu-
lation are stored with their respective fitness value. After a prescribed number of iterations
(e.g., generations), the DE algorithm ends. There is also the possibility to use a criterion
that decides that the optimization has converged. In the implementation of DE in PaGMO,
there are two different criteria. The first one is a condition of the difference between all the
members of a population. This refers to the maximum distance in the search space that
should be smaller than a prescribed value (criterion). The second criterion checks the differ-
ence in fitness between the worst and best members of the population. If this difference is
smaller than a prescribed value (criterion) the optimization is terminated. For the optimiza-
tions considered in this chapter, both stopping criteria are not used and one simply presets
the total number of generations. This is done by simply setting both stopping criteria values
too stringent.
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| 1. DE/best/1/exp | 6. DE/best/1/bin |
| 2. DE/rand/1/exp | 7. DE/rand/1/bin \
| 3. DE/rand-to-best/1/exp | 8. DE/rand-to-best/1/bin |
| 4. DE/best/2/exp | 9. DE/best/2/bin |
| 5. DE/rand/2/exp | 10. DE/rand/2/bin |

Table 4.1: Different selection methods of DE algorithm tested for best tuning parameters.

4.2.6 Optimizer settings

The previous subsection explained the three main steps of a DE algorithm and how to tune
them. In this subsection, one aims to find the best possible settings for these three steps.
In Table 4.1 the different settings for DE/x/y/z are presented. x refers to the method of
selecting the base vector, y indicates the number of pairs used, and z indicates the crossover
method used. Apart from the different selection methods presented in the table above, four
combinations of two different values (0.33 and 0.67) for Cr and F are investigated for each
of the methods presented in Table 4.1. The algorithm is tested for a Callisto-Ganymede-
Europa-JOlI triple-flyby sequence. The number of generations is set to 200, each with 5000
individuals to ensure convergence for each combination of tuning parameters. These high
numbers are taken because there was no real restriction on computation time due to the
analytical nature of the problem. Figure 4.5 shows the convergence behavior for each of the
settings. Each plot holds the four combinations of Cr and F for a single method of the ones
presented in Table 4.1 and indicated by the method number. To make the plots more clear
the fitness will be plotted from the 20th generation onwards. The two convergence criteria
are set to half of a percentage of the final fitness above and below the final fitness value.
Convergence is said to be reached when the fitness is (and stays) between these two lines
and the aim is to find tuning parameters that converge fastest.

From the results presented in Figure 4.5 one can conclude that methods one and six com-
pete to have the best convergence behavior. Comparing both of these plots in more detail,
the author concluded that method six with Cr = 0.67 and F = 0.33 has the best convergence
behavior. The results shown in Figure 4.5 were generated using a seed number of 2222. The
number of generations required to reach the optimal settings was 36. The author is aware
that the difference between the first and sixth methods is only in the exponential or binomial
crossover strategy. Moreover, the preset seed number could influence the convergence be-
havior. Therefore it was tested for three different seed numbers (2222, 3333 and 1234). The
result was that although the number of generations needed to reach the convergence criteria
could differ, the optimal settings for the tuning parameters stayed the same (method six with
Cr = 0.67 and F = 0.33). Therefore these settings are used throughout the remainder of this
chapter. For convenience all settings are summarized in Table 4.2.

Tuning parameter Notation Setting
Number of generations G; 200
Number of individuals NP 5000
Mutation scale factor F 0.33
Crossover rate C. 0.67
Selection method DE/x/y/z DE/best/1/bin

Table 4.2: Summary of the tuning parameters for the DE optimization algorithm for a triple satellite-aided capture sequence.
These are used for all the optimizations in this chapter.

To better illustrate the convergence of the optimization Figure 4.6 shows the fittest solution
for every generation. As the number of generations increases, the solutions’ lines start to
overlap such that they appear as one line. The hyperbolic excess velocity for each flyby,
the minimum flyby altitude and the flyby moon are also shown in the plot (only for the last
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Figure 4.5: Convergence behaviour for different settings of the tuning parameters for a preset Callisto-Ganymede-Europa-JOI
sequence.
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generation). The final optimum presented in Figure 4.6 results in a final orbital energy of

CGEJ convergency: AVJOI =275 m/s
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Figure 4.6: Optimal solution per generation for a Callisto-Ganymede-Europa-JOI satellite-aided planetary capture trajectory in
Tisserand graph. Thick linewidth indicates the final solution, horizontal red line represents the desired capture orbit and the
vertical red line the minimum allowable perijove radius due to the harsh radiation environment.

—6.425 km?/s?, referring to the 200-day periodic capture orbit. Again as mentioned earlier in
this section, the settings were tested for a Callisto-Ganymede-Europa-JOI capture sequence.
This resulted in an impulsive AV}, of 275 m/s injected at the perijove of the trajectory and in
the opposite direction of the spacecraft’s velocity vector. The graph presented in Figure 4.6
will be repeated in Section 4.3 but only for the converged solution.

4.3 Results

This section presents the results for the satellite-aided planetary capture trajectory optimiza-
tion in the Tisserand graph. Better solutions are the ones where the JOI is smaller. Important
to consider is that no phasing considerations are applicable at this moment. The results are
organized such that first the single-aided sequences are explained, then the double-aided
and finally the triple-aided. The section closes with a summarizing table (Table 4.3) and con-
clusions in Section 4.4.

The results show the effect of the flybys in blue and the JOI in pink. Thinner lines in the
plots indicate the complete Tisserand contours from Figure 3.4 for specific values of V,,, on
which the flyby is flown. The colors of the Tisserand contours are arranged similar to Fig-
ure 3.4. The sequence is indicated in the title of the plot with the first letter of the moon
under consideration and the JOI with J.

4.3.1 Single-aided

The most simple satellite-aided capture trajectories are the ones that only imply a single flyby
with one moon. Considering the orbital parameters of the Galilean moons and the minimum
perijove radius due to the harsh radiation environment around Jupiter, it was already con-
cluded that Io should not be used for a satellite-aided capture trajectory and is therefor not
considered. For Callisto, Ganymede and Europa, the results present both a JOI before and
after the flyby.

Callisto

Figure 4.7 presents the two optima for a Callisto-aided planetary capture sequence. The first
thing to notice is that with a single Callisto flyby, the spacecraft can not be captured in a
closed orbit around Jupiter without the use of an impulsive JOI. The JOI is always inserted at
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the perijove, which makes the flyby either inbound or outbound. Both options are presented
in Figures 4.7a and 4.7b. Inbound flybys refer to the situation that the spacecraft is moving
closer to Jupiter and on its path perfroms a flyby with one of the moons. Contrary, outbound
flybys mean that the spacecraft is moving further away from Jupiter. This latter means that
after the JOI is executed, all subsequent flybys are outbound. The results suggest that it is
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Figure 4.7: Results for Callisto-aided planetary capture trajectories.

better to perform the flyby first (hence lowering the perijove and orbital energy), followed by
a JOI of 902 m/s. The initial perijove (around 9R)) is such that after the flyby, the perijove
is decreased to its minimum allowable value (e.g. 8R)). It is well known that an impulsive
maneuver performs best when implemented when the spacecraft’s velocity is maximum (e.g.,
the perijove). On the other hand, from the relations in Section 3.3 one learned that the ef-
fects of a gravity assist maximize when it is performed at zero flight-path angle y and lowest
relative velocity with respect to the flyby moon (Equations 3.3, 3.14, 3.12 and 3.13). From
the optima presented in Figure 4.7a one can conclude that the combined effect of a JOI at
perijove and a Callisto flyby is governed by more efficient impulsive JOI’s at lower perijoves.
The same reasoning holds when the JOI is implemented before the flyby (Figure 4.7b). This
lowers the spacecraft’s relative velocity with respect to the flyby moon, making flybys more
effective and thus lowering the required JOI. However, the more efficient JOI at perijove re-
sults in an optimal perijove around 9.2R; such that room is left in terms of perijove to perform
the flyby. This results in an increase of the JOI to 926 m/s.

Following the reasoning above, it is concludes that in the case of a Callisto-aided plane-
tary capture trajectory, Callisto’s high orbital radius makes the optima dominated by more
efficient JOI’s at lower perijoves.

Ganymede

The results of Ganymede-aided planetary capture trajectories are presented in Figure 4.8.
Like Callisto, a gravity assist with Ganymede only is incapable of capturing the spacecraft
in a closed orbit around Jupiter. A JOI is still inevitable and can be implemented before
(Figure 4.8b) or after (Figure 4.8a) the flyby.

From the optima one can conclude that a JOI before the flyby results in the lowest AV of 643
m/s. This is due to a lower relative velocity with respect to Ganymede that makes the flyby
more effective. Both optima have a perijove equal to the orbital radius of Ganymede right
before the flyby. Thus the flyby is performed at the perijove with flight-path angle y equal to
zero and minimal relative velocity with respect to Ganymede. This makes the final perijove
far above the radiation safety belt of 8R;. A higher perijove at which the JOI is executed
means a less efficient impulsive maneuver. The author concludes that more effective flybys
govern a Ganymede-aided capture trajectory instead of a more efficient JOI at lower perijove.
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Figure 4.8: Results for Ganymede-aided planetary capture trajectories.

This is opposite to the optima found for the Callisto-aided sequences.

Europa

Similar to the Callisto and Ganymede optima, the results of both inbound- and outbound
Europa flybys are given in Figure 4.9. This implies that a JOI is also inevitable for a Europa-
aided capture trajectory. The outbound flyby has the lowest possible JOI of 788 m /s because
of the lower relative velocity with respect to Europa. Both optima have a perijove equal to the
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Figure 4.9: Results for Europa-aided planetary capture trajectories.

orbital radius of Europa right before the flyby. Therefore setting the flight-path angle to zero
and the relative velocity to a minimum makes the flyby most effective. The final captured orbit
lies about 1.2R; above the radiation safety belt. The JOI could theoretically be performed at
lower perijove. However, from the optima in Figure 4.9 one learns that the minimal AV for the
JOI is dominated by more effective Europa flybys instead of a more efficient JOI. The same
was concluded for the Ganymede-aided planetary capture trajectories.
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4.3.2 Double-aided

Slightly more complicated satellite-aided planetary capture trajectories are the ones that
include two flybys in the sequence. Two gravity assists with a Galilean moon could lower the
orbital energy towards the limit value of closed and open orbits (e.g., zero orbital energy or
a parabolic orbit). However, capturing the spacecraft in the desired captured orbit around
Jupiter would still require an impulsive JOI. Therefore, the results of double-aided capture
trajectories are organized in three groups, each representing four possible combinations of
two of the three Galilean moons with a JOI at perijove (excluding Io due to the radiation
safety). First the Callisto-Ganymede, second the Ganymede-Europa and last the Callisto-
Europa sequences are presented here.

Inbound-outbound

As explained in the paragraph above, each combination of two moons hold four possible
sequences due to the arbitrary location of the JOI. In theory, six possible sequences could be
investigated. However, these two additional sequences have no physical meaning due to the
inbound-outbound problem. The inbound-outbound problem is illustrated in Figure 4.10
for a hypothetical JOI-Callisto-Ganymede sequence. Because the JOI is always executed at
perijove, all subsequent flyby are outbound flybys. Referring to the fact that the spacecraft is
mover further away from Jupiter. So, for the hypothetical JOI-Callisto-Ganymede sequence,
after the JOI is executed the spacecraft can perform a flyby with Callisto. A subsequent
Ganymede flyby is then geometrically impossible because Ganymede orbits Jupiter at smaller
orbital radius and the spacecraft will therefore never reach the orbit of Ganymede.

Callisto flyby

Impossible to perfrom a
subsequent Ganymede flyby

Figure 4.10: lllustration of the inbound-outbound problem by means of a hypothetical JOI-Callisto-Ganymede sequence.

Callisto-Ganymede

The results of the Callisto-Ganymede aided planetary capture trajectories are given in Fig-
ure 4.11. They hold four possible sequences due to arbitrary locations of the JOI in the
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sequence. The required AV),, varies between 359 m/s for the sequence when the JOI is in-
serted before the flybys and 433 m/s when it is done after. So the effect of having smaller
relative velocities before the flybys as was explained in Subsection 4.3.1 is also valid for
Callisto-Ganymede-aided planetary capture trajectories. Considering the orbital radius of
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Figure 4.11: Optimal for Callisto-Ganymede-aided planetary capture trajectories in Tisserand graph.

Ganymede, one can observe that the optima converge to a perijove equal to Ganymede’s or-
bital radius for every sequence thus performing the Ganymede flyby with zero flight-path
angle. This makes the JOI and final captured orbit lie far above the radiation safety belt.
Therefore, the author argues that the optima for all Callisto-Ganymede capture sequences
are governed by more effective flybys at lower relative velocity with respect to the flyby moons
and a zero flight-path angle with the most inner flyby moon.

Ganymede-Europa

With AV, ranging from 455 to 491 m/s (Figure 4.13), the Ganymede-Europa-aided planetary
capture trajectories perform worse (in terms of AV¢;) than Callisto-Ganymede-aided trajec-
tories. This is mainly due to Europa being less massive than Callisto, although the orbital
velocity of Europa is far larger than that of Callisto.

The optima are again bound to the orbital radius of the most inner moon Europa instead
of a more efficient JOI at a lower perijove. The absolute minimum for JOI is found for the
JOI-Europa-Callisto sequence holding only outbound flybys. Thus similar to the case for
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Callisto-Ganymede, optima are dominated by more effective flybys due to lower relative ve-
locities and zero flight-path angle.
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Figure 4.12: Optimal for Ganymede-Europa-aided planetary capture trajectories in Tisserand graph.

Callisto-Europa

The optimal Callisto-Europa-aided planetary capture trajectories are given in Figure 4.13.
AV, varies from 582 to 638 m/s what makes them the worst from all three possible combi-
nations of the double-aided sequences. The large difference in orbital radius between Cal-
listo and Europa worsens the effectiveness of (one of) the flybys. Every optimum converged
towards a perijove equal to the orbital radius of Europa right before the Europa flyby. Con-
sequently, enlarging the flight-path angle and relative velocity at the Callisto flyby makes it
less effective.

The reasoning for the Ganymede-Europa sequences also applies to the Callisto-Europa-JOI-
and Callisto-JOI-Europa sequences (e.g., Figures 4.13a and 4.13b). Therefore, it will not be
repeated here for brevity. In short, the more effective flybys (flight-path angle and relative
velocity) govern the optima found for a Callisto-Europa-aided planetary capture trajectory.
For the JOI-Europa-Callisto and Europa-JOI-Callisto sequences in Figures 4.13c and 4.13d
the optima in terms of more efficient JOI at lower perijove and a more effective Europa flyby
at Europa’s orbital radius seem to coincide. Therefore the final perijove of the captured orbits
lies exactly on the radiation safety belt of 8R;.
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Figure 4.13: Optimal for Callisto-Europa-aided planetary capture trajectories in Tisserand graph.

4.3.3 Triple-aided

Figures 4.14 and 4.15 present the results of all possible triple-aided planetary capture tra-
jectories. Triple-aided capture trajectories could potentially capture a spacecraft in a closed
orbit. However, the captured orbit would have a very long orbital period that is generally not
desired regarding the time of flight. As stated earlier, a desired captured orbit would have
an orbital period of 200 days (indicated by the red line in the graphs). Therefore also for
triple-aided capture trajectories, a JOI is demanded. With JOI’s ranging from 258 to 374
m/s it makes the triple-aided capture trajectories perform best.

Like the double-aided sequences, the optimum lies at perijoves equal to the orbital radius
of the most inner moon right before the flyby with that inner moon. For the triple-aided
sequences that is always Europa. Europa’s orbital radius of 9.4R; has a downside though.
With the radiation safety belt set to 8R;, there is only a small region in perijove to incorporate
flybys. Flybys with Callisto and Ganymede have more effect on the perijove in this region
on the Tisserand graph compared to Europa flybys. Therefore it is better to place Callisto
and Ganymede in front of the sequence. This results in optima with larger final perijoves,
meaning that a larger range of initial perijoves (smaller than the optimum) can potentially be
flown.

For the JOI-Europa-Ganymede-Callisto and Europa-JOI-Ganymede-Callisto sequence, the
Callisto flyby is not flown at the minimum flyby altitude of SO0 km. Both cases have a
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Figure 4.14: Optimal triple-aided planetary capture trajectories in Tisserand graph (part 1).

Callisto flyby altitude above 3300 km. This is to limit the perijove increment delivered by the
Callisto flyby. However, this also limits the energy increment and thus causes an increase
in the required JOI. This is why these two sequences have a higher AV, result than all other

triple-aided scenarios.
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Figure 4.15: Optimal triple-aided planetary capture trajectories in Tisserand graph (part 2).

4.3.4 Summary

The results of all sequences are summarised in Table 4.3. The table shows the required JOI
in terms of AV}, and propellant mass. The required propellant mass is calculated using the
well-known “Tsiolkovsky rocket equation” [7] including only high-thrust (Equation 4.6).

_ AV]OI
Mprop = Minitial (1 —e gols’"HT) (4.6)

The above equation uses the following values. The initial spacecraft mass, M;,;;iq; iS set to
4000 kg, the high-thrust specific impulse equal to 300 s and the gravitational acceleration
at the surface of Earth, g, = 9.81 m/s?.

Single-aided planetary capture sequence required propellant for the JOI ranging from 785
kg for a JOI-Ganymede to 1080 kg for a JOI-Callisto sequence. The propellant mass for
Europa-aided capture lies in between these two. Compared with not-aided capture, this
already meant potential mass savings from 138 to 433 kg (11 to 35%). The orbital radius of
the flyby moon was the primary cause of this wide range. Nonetheless, this already showed
that a single flyby upon capture could lead to significant mass savings for the spacecraft.
The addition of an extra flyby to fly double-aided capture sequences further lowered the over-
all propellant needs. Combining Callisto and Ganymede performed best: with required pro-
pellant masses going from 460 kg for JOI-Ganymede-Callisto to 547 kg for Callisto-Ganymede-
JOI. Compared with the reference of 1218 kg, these are mass savings from 671 to 758 kg.
That is 55 to 62% of the propellant mass for not-aided capture. Other combinations per-
formed (slightly) less with mass savings from 603 to 645 kg (49 to 53%) for Ganymede-Europa
and 438 to 501 kg (36 to 41%) for Callisto-Europa.

The triple-aided capture sequence lowered the propellant mass even further. The Europa-
JOI-Ganymede-Callisto sequence required a propellant mass of 477 kg, saving up to 741 kg
(60%). The best triple-aided sequence was the Ganymede-JOI-Europa-Callisto that required
331 kg propellant, and with it, saving of 887 kg ( or 73%).
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AV]OI [m/S] Mprop,min [kg] %Mprop,direct [']

Direct
- 1069 1218 100
Single-aided
Callisto
CcJ 902 1056 87
JC 926 1080 89
Ganymede
GJ 735 945 78
JG 643 785 64
Europa
EJ 837 990 81
JE 788 939 77
Double-aided
Callisto-Ganymede:
CGJ 433 547 45
CJG 379 484 40
JGC 359 460 38
GJC 408 517 42
Ganymede-Europa
GEJ 491 615 50
GJE 461 580 48
JEG 455 573 47
EJG 481 603 50
Callisto-Europa
CEJ 638 780 64
CJE 600 738 61
JEC 582 77 59
EJC 616 755 62
Triple-aided
CGEJ 275 357 29
CGJE 258 336 28
CEJG 283 366 30
CJEG 267 347 28
GEJC 270 351 29
GJEC 255 331 27
EJGC 374 477 39
JEGC 355 454 37

Table 4.3: Summary of the results of all double- and triple-aided capture sequences. Results hold the amount of AV, and
propellant mass for the JOI.

4.4 Conclusions

This chapter implemented the methodology and theory of the Chapter 3 to investigate the
possibilities of satellite-aided planetary capture trajectory within the Jovian system. This
was done through a fitness function that evaluates the required AV)y;. A short evaluation
of optimization algorithms suggested that the differential evolution algorithm (DE) was the
best option. Additionally, the DE algorithm was tuned in its settings for the mutation (F),
crossover (CR) and the selection method to guarantee the fastest convergence behavior. As
a result the combiniation, CR=0.67, F = 0.33 and selection method six (DE/x/y/z) came out
as the best option.

Three cases were investigated: single-, double- and triple satellite-aided capture trajectories.
One conclusion was that a spacecraft arriving at the Jovian system due to an interplanetary
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Hohmann transfer could not properly capture itself in the Jovian system through one-, two
or three gravity assists alone. This implies that an impulsive JOI would always be required.
For singe-aided trajectories, a Ganymede flyby would serve as the best solution to lower the
required JOI maneuver. When considering two gravity assists, the combinations of Callisto
and Ganymede perform best.

A trajectory incorporating three flybys can capture the spacecraft into a closed orbit around
Jupiter without the use of any JOI. However, to insert it into the desired 200-day periodic,
high eccentric orbit around Jupiter, an impulsive JOI is still required. Overall the triple-aided
trajectories perform better than the double-aided trajectories. Sequences that have Europa
as the first flyby have the problem of reaching beyond the radiation safety belt. An increase in
flyby altitude prevents this. The best option for conventional satellite-aided capture trajectory
would be the Ganymede-JOI-Europa-Callisto sequence with a JOI of only 255 m/s which
requires only 27% of the propellant for direct capture.



Chapter 5

Low-thrust Tisserand graph

This chapter presents a fast method to include low-thrust legs in the Tisserand graph. It
starts with the characteristics of low-thrust (electric) propulsion in Section 5.1. This is quan-
titatively extended with the equations of motion in Section 5.3. Then in Section 5.4 reference
trajectories are created to verify the method in this chapter. This section also explains the
effects of low thrust on the Tisserand graph. Section 5.5 presents the actual method (Taylor-
series expansion) for the inclusion of low-thrust legs in the Tisserand graph. The chapter
closes with some concluding remarks that are relevant for the following chapter.

5.1 Characteristics of low-thrust electric propulsion

A low-thrust electric propulsion system typically referes to a propulsion system that is only
capable of producing very low thrust levels (in the order of mN) and comes with a separate
electrical power unit. This power unit could be a solar array, which generally refers to a
Solar-Electric-Propulsion system or short, SEP. The thrust capabilities of a SEP are therefore
related to the solar power available. Another option for the power unit might be a nuclear
fission reactor. This then refers to a Nuclear-Electric-Propulsion system or short NEP. For
missions to the outer planets where the power available from the Sun diminishes with the
orbital radius of the target planet, a NEP system is preferred over a SEP.

The advantage of a low-thrust propulsion system comes from the very high exhaust velocity
Voxnaust- A very high V,,n.use Tesults in a very high specific impulse through Equation 5.1. In
this equation, g, is equal to the gravitational acceleration on Earth at sea level. For example,
the BepiColombo [1] spacecraft’s thrusters have a specific impulse of 4022 s compared to
only 300 s for the Messenger spacecraft [19].

Vexhaust
_— 5.1
7 (5.1)

A low-thrust electrical propulsion system typically has three methods of accelerating the
propellant. The first one is by electrical heating, which refers to an electrothermal propulsion
system. Another technique is an electrostatic propulsion system. By letting ionized atoms
pass through a static electric field, a strong Coulomb force is created that accelerates these
atoms to high exhaust velocities. The third method for accelerating the propellant mass
is using a magnetic field. This uses the Lorentz force to accelerate the atoms, referring
to an electromagnetic propulsion system [29]. As mentioned above, a very high efficiency
comes from the very high exhaust velocity. However, this is at the cost of very low thrust
levels and thus, long thrust times to reach a certain amount of AV. Again, the BepiColombo
spacecraft has a maximum thrust level of around 270 mN (Section 5.2) against 670 N for the
Messenger spacecraft. This is a very significant difference in thrust level. However, due to
the high specific impulse of low-thrust propulsion and very low propellant mass flow, low-
thrust propulsion systems allow for very long thrusting times. This makes the modeling of
low-thrust trajectories more challenging compared to that of high thrust trajectories. An

Isp =

45
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example of a low-thrust propulsive trajectory modelled in the Solar System for 1.5 years
is given in Figure 5.1. A constant thrust acceleration of 10~*m/s? is assumed, resulting
in a constant mass of the spacecraft. How this trajectory is modeled is explained in the
following section. Concerning this thesis report’s topic, that is low-thrust natural satellite-
aided planetary capture in the Jovian system: a NEP system is considered the best option due
to limited solar power available. A NEP propulsion system can then also be used throughout
the scientific phase of the mission.

Low-thrust trajectory in solar system

15 T
Low-thrust trajectory
Sun
* Initial position
1L i
05 -
35
< of -
-
05 S
A -
15 I | ! 1 I
-1.5 -1 -05 0 0.5 1 15

X [AU]

Figure 5.1: Example of low-thrust trajectory in modelled in the Solar System for 1.5 year. Initial conditions are taken to match
(circular) orbit of Earth and the thrust acceleration is set at 10™% m/s?.

5.2 BepiColombo

An example of a low-thrust propulsive mission is the BepiColombo mission. The BepiColombo
mission was the first European mission to employ SEP in combination with seven flybys (one
with Earth, two with Venus and four with Mercury) to reach an inner planet (Mercury). It
was launched on an Ariane 5 rocket from Kourou, French Guiana at 01:45:28 UT on 20
October 2018 [1]. It was first intended to be launched on 9 July 2014. The baseline of
this intended interplanetary transfer is shown in Figure 5.2. The figure shows the orbits
of Earth, Venus and Mercury. Black lines represent coasting arcs (SEP turned off) and red
lines represent thrusting arcs (SEP turned on). After the four Mercury flybys the spacecraft
performed six final low-thrust arcs to lower the relative velocity with respect to Mercury. This
had the advantage that if the planned impulsive Mercury Orbit Insertion (MOI) should fail,
the spacecraft would still be weakly captured around Mercury.

The basic characteristics of the SEP of BepiColombo are presented in Table 5.1.
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Figure 5.2: An example of a low-thrust mission is the BepiColombo mission. Red arcs in the graph represent trajectory legs
where solar electric propulsion is turned on [1].

Characteristic Value Unit
Initial mass 4100 kg
Thrust level 261 to 290 mN
Specific impulse 4100 s
Acceleration 0.7x10™* m/s?
Total AV ¢ 4.254 km/s

Table 5.1: Characteristics of BepiColombo SEP (and spacecraft initial mass) [1].

5.3 Equations of motion

The previous section briefly explained the characteristics of low-thrust propulsion. Due to
the very low thrust levels, the accelerations are very small. However, they are still an order
of magnitude larger than the perturbing accelerations [12]. This is why when modeling low-
thrust trajectories, the assumption that these perturbing accelerations can be neglected is
valid. With this in mind, the equations of motion read:

P rﬁf = ar (5.2)
The vector 7 represents the radius to the central body, u is the gravitational parameter of
that central body. The thrust acceleration is given by the vector dy. Vectors are indicated by
means of the bar above the symbol and the double derivatives (w.r.t. time) by the double dots.
Equation 5.2 is in general always valid. The downside of it is that a very high-order integra-
tion method is needed to ensure trustworthy results for many problems. Therefore another
approach that uses information that is already known about the orbit could be beneficial. As
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was explained in Section 5.1, the levels of accelerations are low. Because of this, the effects
of these accelerations on the shape of the orbit are small. Some literature suggests that a
low-thrust acceleration could be regarded as a perturbing acceleration, despite the fact that
they are an order of magnitude larger than these natural perturbing accelerations. From
[29] it is known that the effects of perturbations on orbital elements can be modeled using
the Gauss form of planetary equations, or short the Gauss equations. These expressions in
terms of Kepler elements are given here from Equation 5.3 to 5.8.

da  2esin(0) 2aV1 —e?

E - n 1 — 62 FR + nr Fg (53)

de ~N1—e?|[ N + 0 + e + cos(0) £ 5.4
dt  na sin(@)fy + | cos(6) 1+ecos())? (54)
di  rcos(u) F (5.5)
dt ~ pe2i—e? * '
d_Q _ rsin(u)F, (5.6)
dt  na2v1 - e? sin(i)

dw, V1-—e? N +2+ecos(9) (OVF rsin(u) 5.7
dt ~ nae cos(6)Fx 1+ ecos(8) sin(@)F Htan(i) * (®.7)
ao  |pu 14 92+v1—e2 NF V1 —e? 2+ ecos(f) 5.8
dt p3( ecos9) ae cos(O)f nae 1+ ecos(d) ® (5-:8)

For the thrust accelerations, F; is directed along the radius vector and its positive direction
points outwards. Fy lies in the orbital plane and points in the direction of motion of the
spacecraft. F, is perpendicular to the orbital plane and points in the direction of the angular
momentum vector. From [12] it is known that Kepler elements have the disadvantage that
they contain singularities at i = 0° or i = 180° and at e = 0 or e = 1. A solution for avoiding
these is to use the Modified Equinoctial Elements (MEE) [29] [12]. These MEE are defined
from the conventional Kepler elements by means of Equations 5.9 to 5.14.

p=a(l-e?) (5.9)
f =ecos(w, + Q) (5.10)
g =esin(w, +Q) (5.11)
h = tan(i/2) cos (5.12)
k = tan(i/2) sin Q (5.13)
L=Q+w,+0 (5.14)

It is possible to combine these MEE with the Gauss planetary equations and so create the
Gauss equations in MEE. These are given by Equations 5.15 to 5.20:

dp  |p2pFy
2
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Z_}; _ jg [FR sin(t) + 1€ D CZT(L) +f1F _ g(hsin(L) ;1k cos(L))Fl] (5.16)
Z_f _ \/% [—FR cos(ly 4 1€+ D siCII(L) +glF  f(hsinL) Elk cos(L))Fl] 517)
% = \/%szc? cos(L) (5.18)

- j% (;ZC? sin(L) (5.19)

% _ W(%)Z N \/%(h sin(L) —Cilc cos(L))F, (5.20)

In these equations, C, is given by C; = p/r = 1+ f cos(L) + g sin(L) and C, by C, = 1 + h? + k2.
Although the MEE prevent the singularities occurring in the conventional Kepler elements,
they have the major disadvantage that they do not give a direct or easy insight into what
is happening in a certain model. This is because they do not represent a physical quantity
(except for the semi-latus rectum and true longitude) such as the Kepler elements. Therefore,
the use of Kepler elements is still preferred if the nature of the problem allows it. With
respect to the thesis topic in this report where the eccentricity is expected to go through the
singularity of e = 1, it is strongly encouraged to use the MEE.

5.4 Reference trajectory

In order to get an idea of what the effects are of low-thrust propulsion in the Tisserand
graph, some reference trajectories are integrated forward in time using the Gauss planetary
equations which are available and ready to use in Tudat. These same initial conditions will
be used to verify a method of creating low-thrust legs in the Tisserand graph that does not
require integration in time but rather in true longitude. This will speed up the calculation
time in the optimizations of Chapter 6.

5.4.1 Relations for tangential thrust

The first thing to mention is that all initial conditions used in the integration hold an incli-
nation, Right Ascension of the Ascending Node, argument of pericenter and true anomaly
(thus also the true longitude, Equation 5.14) set to zero. Then only the eccentricity (e) and
semi-major axis (a) remain. These are also the only quantities required to create a Tisserand
graph. The exact values of them are given in Table 5.2. For these reference trajectories a
constant thrust acceleration of 10~#m/s? was assumed which implies a constant mass of the
spacecraft. Whether this assumption is valid will be shown in later sections. The correspond-
ing thrust level has been proven to be achievable in earlier missions (Section 5.1). Also, it is
assumed that the thrust acts only in tangential direction. This is to reduce the complexity
of the method developed in Section 5.5. Because the thrust is acting parallel to the velocity
vector (tangential) its direction is dependent on the flight-path angle (y). Figure 5.3 gives an
illustration of how this flight-path angle is defined along a trajectory within the orbital plane.
By means of Equations 5.21 and 5.22 the flight-path angle can be defined as a function of
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>
central pericentre
body

Figure 5.3: The flight-path angle defined in the orbital plane of a trajectory [10].

Kepler elements.

Vsiny =V, =\/g(esinz9) (5.21)
U
Vcosy=VW = \/;(1 + ecosd) (5.22)

As stated before, the use of MEE is preferred over conventional Kepler elements because
they avoid the singularities around zero inclination and eccentricities close to zero and one.
Therefore Equations 5.21 and 5.22 are converted into MEE:

) (2 1) (2(1+fcosL+gsinL) 1—f2—g2>
vV =ul———|=u —
a p p
r = P = P
l1+ecosy 1+ fcosl+gsinlL

(5.23)

(5.24)

esind =+/f2 + g%sin (L —tan™! %)

[ sinL coslL (5.25)
_f2+g2\/gz 1+\/gz 1

[#] + 4] +
=fsinL—gcosL

Now that the flight-path angle is expressed in terms of MEE, the two components of the
tangential thrust acceleration that are used in the Gauss planetary equations (Equations 5.3
to 5.20) are given by Equations 5.26 and 5.27.

Fr = Frsiny (5.26)
Fy = Frcosy (5.27)



5.4. Reference trajectory 51

5.4.2 Integrator

The integrator used for creating the reference trajectories is a Runge-Kutta 4 (RK4) method.
It has a comparable accuracy of a fourth-order Taylor expansion [21]. Although the RK4
integrator is generally not known as the most efficient one to use, it performs well enough
to provide reference orbits against which the method developed in Section 5.5 (accurate up
to second-order polynomial) can be tested. The main advantages of using the RK4 method
are that it is a straightforward method to implement, produces results very quickly, and is
already available in Tudat. The RK4 integrator is a fixed step size method. This implies that
faster dynamics will be the main source of the integration error. Considering that the only
disturbing force acting on the spacecraft is the thrust, none of these faster dynamics (for
example, a gravity assist) are expected to be present during the reference trajectory integra-
tion. Also, using the MEE instead of cartesian coordinates avoids the presence and severity
of faster dynamics.

Before creating the reference orbits, it is worth investigating what a good accuracy might be
for them. The first thing to consider is the error that arises during the integration due to the
time steps of the numerical integration. This error is shown in Figure 5.4. The figure shows
the relative difference in radial position with respect to a 10 s time step integration of the
trajectory that is shown in Figure 5.1 (1.5 sidereal year).

Difference in orbital radius for multiple timesteps
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Figure 5.4: Relative difference in orbital radius for nine different time steps compared with a reference with 10 seconds time
step.

By observing Figure 5.4, it is concluded that there is no need to choose time steps smaller
than 50000 seconds in terms of accuracy. However, it is argued here that having a significant
number of data points for verifying the methods presented further in this chapter is of great
importance. A smaller time step would require more memory on the computer and is therefore
avoided. After a brief evaluation of the different time steps, the author concluded that a time
step of 300 s is the best choice. This was also concluded after a similar investigation in [10].
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5.4.3 Integration results

The relations explained in Subsection 5.4.1 and the integration scheme described in the
previous section need six initial conditions that will be integrated forward in time. Three
different values for the semi-major axis are taken that will result in three different energy
regions in the Tisserand graph; and two values for the eccentricity. Combining these results
in six different reference trajectories on the Tisserand graph. The precise values for the
eccentricity and semi-major axis are presented in Table 5.2.

Eccentricity [[] Semi-major axis [AU]

IC1 0.1 1.05
IC2 0.4 1.05
IC3 0.1 2.8
IC4 0.4 2.8
IC5 0.1 3.8
IC6 0.4 3.8

Table 5.2: Initial conditions (IC) of the reference trajectories in terms of eccentricity and semi-major axis.

Figure 5.5 shows the result on the Tisserand graph. Note that the initial conditions five and
six are integrated five sidereal years forward in time and the other four only for two sidereal
years. This was done because integrating them only for two sidereal years would not visualize
the effects of low-thrust propulsion on the Tisserand graph. On the other hand, integrating
the other four initial conditions for five sidereal years would make the graph too chaotic to
be used for proper comparison with the method developed in Section 5.5.

Low-thrust legs on Tisserand graph in Solar System
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Figure 5.5: Integrated low-thrust trajectories on the Tisserand graph. Integration was done by RK4 with 300 seconds step size.
Observing Figure 5.5 one notices a curved shape in each line. To better explain these, the

second initial condition RK, and the subsequent trajectory is plotted separately in Figure 5.6
with indications for the true anomaly on it. The true anomaly gives more direct insight into
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where the spacecraft is located along the orbit. In Figure 5.6 the black stars indicate a true

Low-thrust leg on Tisserand graph in Solar System
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Figure 5.6: Separate plot of initial condition 2 from Figure 5.5 including extra indications for the true anomaly.

anomaly of 0° or 360°, thus the start of a new orbit (w.r.t. the initial orbit). The purple
stars indicate a true anomaly of 180°. Using these two, one can distinguish two parts of
a trajectory. The first one is located close to the pericenter, where the energy increases,
but the pericenter radius does not. This results in the vertical sections of the lines on the
Tisserand graph. The second part is located close to the apocenter, indicated by the purple
stars. The pericenter radius increases relatively faster around these points than the orbital
energy, which translates into more horizontal sections of the lines on the Tisserand graph.
The point where the transition between these two parts occurs is known to be difficult and
case dependent. In Figure 5.6, two angles per bent are indicated. These two angles indicate
two true anomalies in between which the bend usually occurs. The first two are 90° and
135°. The reversed transition (bend) usually occurs at 225° and 270°. Again, finding a general
rule for the location at which this bend occurs is challenging. Between the true anomalies
mentioned in this paragraph, the spacecraft passes the semi-minor axis of the trajectory.
One could argue that the true anomaly corresponding with the bend also corresponds with
the true anomaly of semi-minor axis passage. However, this does not hold for higher orbital
energies.
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5.5 Taylor-series expansion of orbital elements

This section presents a simple and computationally fast method to include low-thrust propul-
sive legs in a Tisserand plot. The aim is to reproduce the same trajectories as shown in
Figure 5.5. As discussed in the foregoing section, one can separate three parts in a full rev-
olution on the Tisserand plot. The first part is around the pericenter where the energy is
increased and the pericenter radius stays approximately the same. A second part is around
the apocenter where the increase in pericenter occurs relatively fast with a small increase
in orbital energy. The third part is the transition between these, also known as the "bend”.
It is expected that a second-order Taylor expansion should be able to model this "bend” ac-
curately enough. Ideally, it should be possible to resolve a trajectory analytically using only
one Taylor-series expansion for all three parts. One full revolution would then consist of 5
parabolas. A first for the initial pericenter passage, a second for the first bend, a third for
the apocenter passage, a fourth for the second bend and the fifth from the bend to the next
pericenter passage. By patching these together, an approximation of a low-thrust trajectory
(one full revolution) on the Tisserand graph is created. The method will be developed us-
ing a second-order Taylor-series expansion of the relevant Gauss planetary equations. The
reason for choosing a second-order Taylor-series expansion instead of a direct numerical in-
tegration lies in the computational speed. The next chapter will combine this method with
the optimizations from Chapter 4 to find optimal low-thrust satellite-aided planetary capture
trajectories. A direct numerical integration would result in much longer computational time
and is therefor avoided. In [10] three different Taylor-series expansions were investigated:
one using conventional Kepler elements, a second using the argument of latitude and the
last based on the MEE. First a brief discussion follows on the motivation of using the MEE
instead of the Kepler elements with true anomaly or argument of latitude as running param-
eter. For brevity, only the motivation will be given in this report and the reader is referred to
[10] for a quantitative explanation and relations when using the Kepler elements. Then the
relevant equations are derived for the MEE and results are compared with those from RK4
integration in Subsection 5.5.4.

5.5.1 Limitations using Kepler elements

The limitations of conventional Kepler elements were already mentioned before. The first is
that circular orbits cannot be integrated. This, however, does not seem to be a problem for
satellite-aided planetary capture trajectories on the Tisserand graph since the orbits consid-
ered would be far beyond circular. Moreover, a Tisserand graph is a useful tool for designing
multiple gravity assist trajectories under the forgoing assumption of the Tisserand parameter
that the orbits of the secondary bodies are all circular. Therefore, if the orbit of the spacecraft
would be circular, no combination of the orbital radius of the spacecraft and the secondary
could suggest a proper gravity assist. This is also the region where no V,, lines are defined
on the Tisserand graph (e.g., the region in the lower right corner). Another limitation is that
conventional Kepler elements are singular for the transition between closed and open orbits
(e.g., parabolic orbits). Concerning low-thrust satellite-aided planetary capture trajectories,
this is a region of great interest. Moreover, as was shown in Figure 3.3, there are possible
sequences of gravity assists where the spacecraft gets orbital energy greater than zero (i.e.
an open orbit). Even more important is that these trajectories have already been flown in
the past by the Voyager (one and two) spacecraft [3]. The last and most important limitation
of using the conventional Kepler elements for the Taylor-series expansion is that the true
anomaly at a certain point could start to decrease due to the increasing argument of peri-
center. When this occurs, the Taylor-series is no longer valid and is stopped. This problem
often occurs at higher orbital energy levels or for nearly circular orbits. Considering the high
orbital energy levels of a low-thrust satellite-aided planetary capture trajectory and the or-
bital energies of the Galilean moons used in the previous chapter, it is expected that this last
limitation of conventional Kepler elements will raise problems. Because conventional Kepler
elements will not be used in the Taylor-series expansion due to the limitations mentioned
above, the relations will not be mentioned in this report for brevity. For more information
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the reader is referred to [10].

5.5.2 Limitations using argument of latitude

The previous section explained the limitations of using the Kepler elements in a Taylor expan-
sion describing low-thrust trajectories. The most crucial problem was that the true anomaly
does not always increase under the influence of thrust. This is due to a fast-changing argu-
ment of periapsis, which at its turn occurs for nearly circular orbits or long thrust periods at
the apocenter. When these long thrust periods occur, the orbit considered becomes circular
before becoming elliptic again, which means that the apocenter and pericenter have switched
places. In the Tisserand graph this corresponds to curves that are closely located to the re-
gions where the Tisserand graph is not defined (e.g. circular orbits for the spacecraft). A
solution to this problem is to combine (Equation 5.28) the true anomaly with the argument
of pericenter and so create the Argument Of Latitude (AOL). Because the argument of latitude
is defined with respect to a fixed point in space, it is always increasing. Therefore using the
AOL as the running parameter will ensure that no maximum is reached and thus that the
Taylor-series expansion is valid in more regions of the Tisserand graph.

u=06+wp, (5.28)

In [10] the accuracy of using the AOL as running parameter was investigated and it became
clear that it performed better for orbits at higher energies under the influence of tangential
thrust. However, for nearly circular orbits, the error in pericenter radius and orbital energy
still becomes large [10]. Because the Taylor-series expansion using the AOL as running
parameter uses the conventional Kepler elements, singularities arise at energies close to zero
(e.g., parabolic orbits). A Tisserand graph does not indicate any limitations on the orbital
energy and concerning low-thrust satellite-aided planetary capture, this region is of great
interest. Therefore, a method that is both more accurate and valid in all energy regions is
preferred. Because conventional Kepler elements with the AOL as running parameter will not
be used in the Taylor-series expansion due to the limitations mentioned above, the Taylor-
series expansions will also not be mentioned in this report for brevity. For more information,
the reader is referred again to [10].

5.5.3 Taylor-series expansion using MEE

The singularities that occur when using the Kepler elements (true anomaly or AOL as run-
ning parameter) around parabolic orbital energies are critical regarding this thesis report’s
topic. Low-thrust satellite-aided planetary capture trajectories go from a positive to a nega-
tive energy regime. In other words, they go through the regions where the Kepler elements
become singular. Therefore the use of MEE is considered the only possible approach for
implementing them in the Taylor-series expansion. In the MEE the true longitude (L) is the
running parameter. By assuming that there is no out-of-plane thrust the true longitude be-
haves in the same way as the AOL does, which avoids that the derivatives become negative.
This already clears out the problems of using the true anomaly as the running parameter.

First, the Gauss equations in MEE of the relevant parameters are repeated here. Because no
out-of-plane thrust is considered (F, = 0) the only relevant parameters are p, f, g and L. The
other two MEE have zero derivatives when only applying thrust in the orbital plane and are

therefore not repeated here.
dp fp 2pFy
= |Z 2
dt u Cq (5.29)

d C 1 L F,
d_fzﬁ[pRsin<L)+[( e L ’9] (5.30)

44 jg [—FR cos(L) + ot Dsin@®) + g] Fﬁ] (5.31)

dt C,



56 5. Low-thrust Tisserand graph

b _ G 5.32
== vp—u(;) (5.32)

where:
C,=p/r=1+ fcos(L) + gsin(L) (5.33)

The first-order derivatives with respect to the true longitude are obtained by dividing the
appropriate Gauss equations in MEE. In other words, dividing Equations 5.29,5.30 and 5.31
by 5.32. Then the second order total derivatives are given by:

d dp _ 0 dp dp 0 dp df 9 dp da 9 dp
dL <dL> =30 (dL>+ dL ap (dL) *arar (dL>+ dL 3g (dL> (5.34)
d (df\_ 9 (df\ dp 9 (df\ df @ (df\ dg o (df
E(E) oL <dL) T aLap (dL>+ dL af <dL> * L ag (dL> (5.39)
d (dg _ Jd (dg dp 0 (dg df 8 (dg dg @ (dg
E(H)_6L<dL)+olL6p<dL>+dLaf<dL>+dLag<dL> (5.36)

Now, the quotient rule gives the partial derivatives that occur in these equations. Please note
that d is referred to as a total derivative and 0 a partial derivative. The partial derivatives are
given here in Equations 5.37 to 5.48.
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These equations also contain other partial derivatives. The ones derived with respect to the

true longitude are given by Equations 5.49 to 5.52:
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Following up, the partial derivatives with respect to p are given by:
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The ones with respect to f are given by:
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With all the partial derivatives combined to create the total derivatives of all the relevant
MEE, one can write down the second-order Taylor-series expansion of p, f and g.

[
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908 = gnes + Gt~ L)+ 7 () S (5.67)

All these expressions are implemented in Tudat and use the same initial conditions as in Fig-
ure 5.5 to create the same reference trajectories on the Tisserand graph. The result is shown
in Figure 5.7. All the curves in the figure represent low-thrust legs with initial conditions as
stated in Table 5.2. The dashed lines represent the results of the second-order Taylor-series
expansion and the full lines are the same results of the RK4 integration as presented in Fig-
ure 5.5. In Figure 5.7 one notices that there is a very good overlap in the beginning of the
propagation. Depending on the initial condition, there is an increasing difference between the
Taylor-series expansion and the RK4 integration. This is further quantified in the following
section on accuracy. For now, the most important thing to notice is the smooth transition
from a closed orbit (with negative orbital energy) towards an open orbit (with positive orbital
energy). This is important with respect to this thesis research topic and the aim of using the
MEE elements instead of Kepler elements.
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Low-thrust legs on Tisserand graph in Solar System
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Figure 5.7: Trajectories with tangential thrust with initial conditions equal to Figure 5.5. Result of both the RK4 integration and
Taylor-series expansion in terms of MEE are shown.

5.5.4 Accuracy

The Taylor expansion method results are plotted using Matlab to give a simple comparison
between the results of the RK4 integration. This is done by sampling 100 values of the
true longitude. This holds a range from zero to the final true longitude. This final true
longitude is different for all initial conditions but in general corresponds to the time frame
of two sidereal years. For initial conditions one and two the final true longitude is cut of at
six to make the graph more clear. Since different initial conditions correspond to a different
orbital period, the maximum values for true longitude of each initial condition propagated
forward in time will be different. For all values of the true longitude (100 points), the radius
is calculated using the MEE resulting from the Taylor-series expansion. The same is done
with the results from the RK4 integration and the difference between them is calculated and
presented in Figure 5.8. The errors shown a representation of the differences between the
dashed- and full lines of Figure 5.7. The colors used for each initial condition are the same
as in Figure 5.7. From both Figures 5.7 and 5.8 one learns that initial conditions holding a
higher eccentricity behave less than lower eccentricities. Different initial orbital energies (e.g.,
semi-major axis) do not seem to have a large impact on the accuracy. Figure 5.8 also shows a
relatively large increase of the error in radius for initial condition four. A radial error of 0.16
AU for an orbit with a pericenter at 4.25 AU is a relative error of 3.76%. This, however, is an
error that arises after two sidereal years. This error will not be of any concern with respect
to low-thrust satellite-aided planetary capture trajectories since these trajectories usually
hold much shorter propagation times (order of days instead of years). Therefore the author
expects that the second-order Taylor-series expansion can be combined with the method
from Chapter 4 for analyzing low-thrust satellite-aided planetary capture trajectories in the
Tisserand graph.
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Figure 5.8: Comparison of radius using second-order Taylor-series expansion with RK4 results.



Chapter 6

Low-thrust capture sequences

This chapter combines the ballistic satellite-aided planetary capture trajectory optimization
with low-thrust legs in the Tisserand graph. Section 6.1 presents the fitness function. Then
the initial conditions are reevaluated and the results are presented similarly as in Chapter 4.
The chapter closes with some concluding remarks in Section 6.4.

6.1 Fitness function

By combining the method for low-thrust legs presented in the previous chapter with the
ballistic fitness function explained in Subsection 4.2.1 it is possible to find optimal flyby
sequences in the Tisserand graph with forgoing, intermediate, and subsequent low-thrust
legs. This section explains this new fitness function. Note that the acceleration of the low-
thrust propulsion system is 10~*m/s? and the spacecraft’s initial mass is 4000 kg, equal to
the characteristics used in the previous chapter.

1. Obtain initial perijove of the hyperbolic approach trajectory from parameter vector. To-
gether with the initial orbital energy, this creates the first point on the Tisserand graph.

2. Calculate the initial eccentricity using Equation 6.3

3. Create a range for the true longitude with the initial value set to -0.95 times the hyper-
bolic limit value. Set the number of data points equal to 10000.

4. Obtain the flyby moon from the preset flyby sequence. If the preset sequence demands
a JOI, proceed to step 7.

S. Propagate the trajectory over the range in true longitude using the low-thrust propulsion
Taylor-series expansion and check if the spacecraft’s radial position along the trajec-
tory comes in the vicinity (SOI) of the orbital radius of the flyby moon. The radius is
calculated using Equation 5.24.

6. When the spacecraft enters the SOI of the flyby moon, calculate the new orbital elements
resulting from the flyby using steps 3 to 10 in the algorithm from Subsection 4.2.1.

5.1 Calculate the velocity V~ with respect to Jupiter using the vis-viva equation.

5.2 Calculate the mean angular velocity of the flyby moon around Jupiter using Equa-
tion 3.7.

5.3 Determine the Tisserand parameter using Equation 3.18.
5.4 Using the Tisserand parameter, calculate the angular momentum with Equation 3.19.

5.5 Obtain the hyperbolic excess velocity with respect to the flyby moon using Equa-
tion 3.14.

5.6 Obtain the minimum flyby altitude from the parameter vector and use it to calculate
the maximum turning angle with Equation 3.13.

61
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5.7 Calculate the increment in orbital energy for this maximum turning angle.

5.8 Update the orbital energy and obtain semi-major axis and eccentricity, thus updat-
ing perijove.
5.9 Return to step 4.0.

7. Propagate the trajectory towards the perijove and calculate the perijove velocity V, using
the vis-viva equation.

8. Obtain AV),, from the parameter vector and subtract it from V,.

9. Update the orbital energy using the vis-viva equation, semi-major using Equation 3.17
and eccentricity using Equation 3.16.

10. Return to step 4.0 for the rest of the sequence.

11. Propagate the trajectory until the limit value of the true longitude. Note that when the
trajectory is closed along the sequence, the limit value for true longitude is 27 radian.
The propagation also ends when the perijove approaches the radiation belt safety value
(8R)).

As was stated earlier in this section, the algorithm described above is a combination of the
earlier used algorithm from Subsection 4.2.1 and the second-order Taylor-series expansion
for low-thrust legs in the Tisserand graph. Thus also including the same penalties from
Subsection 4.2.1. These will therefore not repeated here; only the complete fitness function
is given here in Equation 6.1.

J = AVjo; * W + AE + Py + Prgg (6.1)

6.1.1 Initial conditions

The previous section’s algorithm uses the same initial conditions as the ballistic algorithm
from Subsection 4.2.1. The initial orbital energy resulting from the interplanetary trajectory
(Hohmann transfer) is still 16.347km?/s2. The minimal allowable flyby altitude is 500 km.
The motivation of this value is again due to navigational and ephemerides concerns. Again,
the author expects the optimization to converge towards this minimal flyby altitude since
this results in the largest energy increment. However, from the results in Chapter 4, it was
concluded that larger flyby altitudes hold the optimum for some sequences. The algorithm
described above mentioned that the range in true longitude starts at —0.95L;;;ni¢, where Ljjnie
is determined by Equation 6.2 with e, the initial eccentricity. This eccentricity is given by
Equation 6.3. Note that 1, and a are the initial perijove as set by the parameter vector and the
initial semi-major axis is set by the initial orbital energy due to the foregoing interplanetary
trajectory.

Lyimie = acos(—1/eq) (6.2)
—1-2 6.3)
ey = " (6.
There are two reasons for choosing this value for the initial true longitude. The first is because
low-thrust legs starting at L;;;,;¢ of the incoming hyperbolic trajectory occur at infinity with
respect to Jupiter. This introduces large errors because the low-thrust legs considered close
to this L;;,i represent very long thrusting periods compared to thrust legs performed at or
near the perijove. The second reason is to ensure that the spacecraft first properly enters
the SOI of Jupiter. This prevents solar radiation pressure or third-body perturbations acting
relatively intense on the trajectory of the spacecraft. Equation 6.4 determines the SOI of a
particular celestial body to a central body. In the Sun-Jupiter system, the SOI of Jupiter is
around 687 Jovian radii. The initial radial position of the incoming hyperbolic trajectory can
be calculated using Equation 5.24. The overall radial position corresponding to —0.95L;;;n;¢
is for all optimizations around 300 Jovian radii. With this in mind, the author expects that
this initial true longitude will create reliable results.
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6.1.2 Sphere of Influence

In the algorithm described at the beginning of this chapter, a flyby is initiated when the
spacecraft approaches the orbital radius of the flyby moon considered. With the expression
”in the vicinity”, it is meant that the spacecraft is located between the orbital radius of the
flyby moon plus and minus the SOI of that moon. The SOI of each moon is calculated using
Equation 6.4 and is presented for all four of the Galilean moons in Table 6.1. This equation
was already briefly mentioned by Equation 3.9, but for completeness repeated here. The
mass m, is the mass of the moon under consideration, m, the mass of Jupiter and a,, is the
semi-major axis of the moon under consideration.

2/5
Bsor _ (ﬂ) (6.4)

am m;

Galilean moon  Rgg; [km]

lo 7834
Europe 9722
Ganymede 24350
Callisto 37681

Table 6.1: Spheres of influences of the Galilean moons.

6.2 Optimizer settings

The optimizations of the low-thrust satellite-aided capture trajectories mostly use the same
optimizer settings as in Table 4.1. Due to the numerical nature of the second-order Taylor-
series expansion, the computation time drastically increased when using the same number
of generations and individuals per generation. Therefore, the number of generations and
individuals per generation was reduced to 120 and 1000, respectively. The mutation scale
factor, crossover rate and selection method were kept the same as Table 4.1. Table 6.2
summarizes the optimization settings used in this chapter.

Tuning parameter Notation Setting
Number of generations G; 120
Number of individuals NP 1000
Mutation scale factor F 0.33
Crossover rate C, 0.67
Selection method DE/x/y/z DE/best/1/bin

Table 6.2: Summary of the tuning parameters for the DE optimization algorithm for the low-thrust satellite-aided capture
trajectories. These are used for all the optimizations in this chapter.

6.3 Results

This section presents the optimal low-thrust satellite-aided planetary capture trajectories in
the Tisserand graph. First for the single-, secondly for a double- and last for the triple-aided
sequences. Direct trajectories that only incorporate low-thrust and an impulsive JOI are not
discussed because they hold no additional value with respect to the research sub-questions.
It is important to note that all the results and methods explained in this chapter do not
hold any accountability with the phasing of the moons. They are just a representation of
what could be possible from an energetic point of view. The next chapter treats the phasing
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problem for both ballistic and low-thrust capture trajectories. Both velocity increments as
results of low-thrust (AV,y) and the impulsive JOI (AV¢,) are indicated above each graph.
Each graph consists of three different lines. The uppermost right point with the somewhat
curved shape represents the incoming hyperbola’s low-thrust leg. Then either a gravity assist
(sloped straight lines) or an impulsive JOI (straight vertical line) follow. There is also a short
thrusting phase for low-thrust propulsion between two gravity assists or a gravity assist and
JOI. Because these low-thrust legs are relatively short, they do not deliver significant energy-
and perijove increment. Therefore they are clearly not visible on the graphs, although they
are present.

6.3.1 Low-thrust single-aided

First, the most simple satellite-aided capture trajectories are discussed, now with low-thrust
incorporated. In other words, low-thrust single-aided capture trajectories. Similar to Chap-
ter 4, considering the orbital parameters of the Galilean moons and the radiation safety belt
Io is again not deemed feasible. The results for Europa, Ganymede and Callisto low-thrust
single-aided capture trajectories are presented here.

Callisto
CJ:E___ =-6.42 km®/s?, AV, =946 m/s and AV _ =710 m/s JC:E_  =-6.42 km®/s?, AV, =938 m/s and AV =728 m/s
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or 0
Callisto
5 Capture orbit 5 Flyby alt. = 500 km Capture orbit
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
Perijove [R J] Perijove [R J]

(a) Optimal low-thrust Callisto-JOI planetary capture (b) Optimal low-thrust JOI-Callisto planetary capture
sequence in Tisserand graph. sequence in Tisserand graph.

Figure 6.1: Results for low-thrust Callisto-aided planetary capture trajectories.

The combination of low-thrust propulsion and a single Callisto flyby cannot capture a space-
craft in a (desired) closed orbit around Jupiter; thus, a JOI will still be required (710 or 728
m/s). A low-thrust Callisto-aided planetary capture trajectory takes full benefits from a high
initial perijove (around 49R;). Therefore, the spacecraft follows a longer trajectory, which
gives the low-thrust propulsion a longer time of flight to deliver AV, (938 and 946 m/s). The
presence of low-thrust propulsion along the trajectory lowers the required JOI around 200
m/s compared to the optima in Figure 4.7a. The low-thrust leg is followed by the Callisto
flyby (Figure 4.7a) or the JOI (Figure 6.1b). For both cases, the Callisto flyby does not occur
at the orbital radius of Callisto (or at zero flight-path angle y). This latter is similar for the
ballistic optima in Figure 4.7. In short, a JOI executed at a lower perijove has more advan-
tages than performing the Callisto flyby at the orbital radius of Callisto. This makes the JOI
for both cases to be initiated at the lowest possible perijove. Therefore, after both the JOI
and the Callisto flyby (independent of the order), the perijove lies at the radiation belt safety
altitude. Thus no extra low-thrust leg is needed or allowed. Also, note that both Callisto
flybys hold the minimum flyby altitude of 500 km.
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Figure 6.2: Results for low-thrust Ganymede-aided planetary capture trajectories.

Similar as for the low-thrust Callisto-aided results, capturing a spacecraft in a 200-day peri-
odic orbit using low-thrust propulsion and a Ganymede flyby still requires an impulsive JOI.
Figure 6.2 presents both results of a low-thrust Ganymede aided capture trajectory with the
JOI placed before or after the Ganymede flyby. The low-thrust propulsion lowers the amount
of AVjo, to 582 m/s for the inbound Ganymede flyby and 539 m/s for the outbound Ganymede
flyby. A low-thrust Ganymede-aided capture trajectory also takes many benefits of the higher
initial perijove that results in long thrusting times for the low-thrust propulsion. However,
the orbital radius of Ganymede restricts the maximum possible initial perijove. For both in-
bound and outbound flybys, the optimum does not converge towards flybys with Ganymede
at a perijove equal to Ganymede’s orbital radius. Instead, the Ganymede flyby is for both op-
tima executed at a perijove of around 13R;. This implies that the combination of low-thrust
propulsion, a Ganymede flyby and an impulsive JOI results in a more collaborative optimum
of more effective flybys, more efficient JOI and the energy increment due to low-thrust propul-
sion. Contrary to the low-thrust Callisto-aided results, after both the JOI and the Ganymede
flyby are executed, there is still room in terms of perijove. Therefore, an extra low-thrust leg
up to the radiation belt safety altitude that saves some extra AVy; can be added. This is also
the reason that despite low-thrust Callisto-aided trajectories have higher initial perijove, a
low-thrust Ganymede-aided trajectory delivers more Al r.

Europa

A capture trajectory that combines low thrust and a Europa flyby also requires the additional
JOI. The presence of low-thrust propulsion along the trajectory lowers the required JOI to
720 m/s for the inbound (Figure 6.3a) and 679 m/s for the outbound (Figure 6.3b) flyby.
The initial perijove is for both cases around 13R;. This gives the low-thrust propulsion room
to lower the orbital energy and consequently also the perijove radius up to the orbital radius
of Europa. The combined effect of low-thrust propulsion, Europa flyby and impulsive JOI
converges towards the most effective Europa flyby. After both JOI and Europa flyby are
executed, the perijove lies above the radiation belt safety and thus a low-thrust leg that
further lowers the AV}, can be added.
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Figure 6.3: Results for low-thrust Europa-aided planetary capture trajectories.

6.3.2 Low-thrust double-aided

Now the results for low-thrust double-aided planetary capture trajectories are presented.
Again Io is not deemed as a feasible flyby candidate and will not be considered. First, all
Callisto-Ganymede sequences are presented and discussed, then Ganymede-Europa and
next Callisto-Europa. For each low-thrust combination, a JOI is required and each arbi-
trary location of this JOI in the sequence will be presented (four cases).

Callisto-Ganymede

The required JOI for the low-thrust Callisto-Ganymede-aided sequences varies from 285 m/s
for the low-thrust JOI-Ganymede-Callisto trajectory and 365 m/s for the low-thrust Callisto-
Ganymede-JOI. This latter indicates that first performing the JOI requires less AVjq;. The or-
bital radius of Ganymede limits the initial perijove to around 33 — 34R,. Similar to Figure 6.2
the optima do not converge towards a Ganymede flyby at the perijove equal to Ganymede’s
orbital radius. After the flybys and JOI are executed, there is still room in terms of peri-
jove towards the radiation belt safety, such that low-thrust propulsion can further limit the
required AV)y;. When Callisto is placed at the end of the sequence (Figures 6.4c and 6.4d),
this room in perijove is smaller and therefore less Alj; could be delivered compared to when
Callisto is placed at the beginning of the sequence (Figures 6.4a and 6.4b).
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Figure 6.4: Optima for low-thrust Callisto-Ganymede-aided planetary capture trajectory in Tisserand graph.

Ganymede-Europa

Low-thrust Ganymede-Europa-aided capture trajectories require a JOI from 342 m/s for the
low-thrust Ganymede-JOI-Europa and 373 m/s for the low- thrust Europa-JOI-Ganymede
sequence, respectively. Placing the JOI first in the sequence does not provide the most opti-
mal trajectory in terms of AV},,. Compared with the results from Figure 4.13 one concludes
that the low-thrust propulsion lowers the AV),, with approximately 100-120 m/s, which indi-
cates the benefits that low-thrust propulsion could provide. The initial perijoves are limited
by a maximum of 14R; to ensure the spacecraft reaches the orbital radius of Europa along
the trajectory. Therefore less Alj; can be delivered by the low-thrust propulsion compared
to a low-thrust Callisto-Ganymede sequence. The initial perijove limitation also implies that
all optima converge towards the most effective flyby at Europa. Similar to the low-thrust
Callisto-Ganymede sequences, there is a low-thrust leg after the JOI and two flybys are ex-
ecuted. The fact that the perijove after the JOI and flybys is above the radiation belt safety
allows for this later. Also observe smaller AV, for sequences with Ganymede placed at the
end (Figures 6.5c and 6.5d). The Ganymede flyby lowers the perijove and thus limits the
low-thrust leg at the end of the sequence.
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Figure 6.5: Optima for low-thrust Ganymede-Europa-aided planetary capture trajectory in Tisserand graph.

Callisto-Europa

Figure 6.6 presents the low-thrust Callisto-Europa-aided capture trajectories. With the re-
quired JOI from 478 m/s for the low-thrust Callisto-JOI-Europa sequence to 522 m/s for the
low-thrust Europa-JOI-Callisto sequence, the combination Europa-Callisto performs worst of
the three possible double-aided sequences. Compared to the ballistic optima (no low thrust),
the AVjy, is lowered by approximately 110-130 m/s, thus indicating the benefits of adding
low-thrust propulsion. Like Ganymede-Europa, the initial perijoves are limited by reaching
the orbital radius of Europa in the sequence. Moreover, the optima converge towards the
most effective Europa flyby (flight-path angle). Note that when the Callisto flyby occurs at
the end of the sequence, no room in terms of perijove is left to add an additional low-thrust
leg. This latter, combined with the lower initial perijove, explains the lower AV, .
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Figure 6.6: Optima for low-thrust Ganymede-Europa-aided planetary capture trajectory in Tisserand graph.

6.3.3 Low-thrust triple-aided

From the results in Section 4.3, one learned that it is possible to capture a spacecraft in
a closed orbit around Jupiter through three flybys. However, to reach the desired 200-day
periodic orbit, an impulsive JOI is still required. For the results presented in this section,
one is interested in the extent to which the low-thrust propulsion reduces this JOI.

The optima of every possible low-thrust triple-aided capture trajectories are presented in
Figures 6.7 and 6.8. The AV, differs from 123 m/s for a low-thrust Callisto-Ganymede-JOI-
Europa sequence to 286 m/s for a low-thrust Europa-Ganymede-Callisto sequence. Placing
the JOI at the beginning of the sequence even performs second-worst (273 m/s). The reason
for the relatively large AVjq, for the low-thrust JOI-Europa-Ganymede-Callisto and Europa-
JOI-Ganymede-Callisto sequences lies in the (much) higher minimal flyby altitude of the Cal-
listo flyby. The argumentation for this is the same as explained for the ballistic case and will
not be repeated here. All six other sequences have flybys with the minimum altitude equal to
500 km and therefore much smaller AVq;. The initial perijoves are again limited by ensuring
the spacecraft can reach the orbital radius of Europa to perform a flyby with it. Moreover,
the Europa flyby is always such that the most considerable energy (and perijove) increment
can be delivered (zero flight-path angle). The amount of AV, also varies significantly for the
different sequences. A higher initial perijove and a low-thrust leg after the sequence in-
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Figure 6.7: Optimal low-thrust triple-aided planetary capture trajectories in Tisserand graph (part 1).

crease the AV r. This latter reduces the required AV, thus declaring that the best low-thrust
triple-aided capture sequences are given by the low-thrust Callisto-Ganymede-JOI-Europa
and Callisto-Ganymede-Europa-JOI sequences (Figures 6.8a and 6.8b).
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Figure 6.8: Optimal low-thrust triple-aided planetary capture trajectories in Tisserand graph (part 2).

6.3.4 Summary

The results of all low-thrust capture trajectories are presented in Table 6.3. The amounts of
AVr and AVj; shown and combined in the propellant mass using the following equation:

AVHT

__AVvyr __AViT
Mprop = Minitial <1 — e JolpAT g°’”""> (6.5)

In the equation above, Iy, yr and I, . represent the specific impulse of the high-thrust and
low-thrust propulsion respectively. M;,;:iqa; is the initial spacecraft mass and g, is the grav-
itational acceleration on Earth (at the surface). The same values as in Chapter 6 are used
here but extended with the low-thrust specific impulse of 4000 seconds.

Low-thrust single-aided capture sequences demand a total propellant mass from 749 kg for
JOI-Ganymede up to 950 kg for JOI-Callisto. Compared to the not-aided capture, this repre-
sents a decrease of 22 to 39% in propellant mass. This is slightly more than the conventional
single-aided results. Hence the benefits of using low-thrust propulsion along the trajectory.
A second flyby is added to investigate low-thrust double-aided capture. Here Callisto-Ganymede
and Ganymede-Europa performed comparably: a propellant mass of 450 kg for JOI-Ganymede-
Callisto saving 768 kg or 63% against not-aided. However, only 10 kg extra savings com-
pared to a conventional JOI-Callisto-Ganymede sequence were observed. Thus the benefits
of adding low thrust are rather limited for this sequence. Moreover, for the Callisto-JOI-
Ganymede sequence, the addition of low-thrust propulsion requires an extra propellant mass
of 40 kg. The author argues that this is due to the nature of the problem. The spacecraft
entered the SOI of Jupiter with a very high initial perijove (32R)), resulting in a very long
flight time. The methodology in the low-thrust satellite-aided planetary capture optimiza-
tions assumed that the low-thrust engine was turned on along the whole trajectory. The
AV, did become smaller compared to the ballistic double-aided sequence. However, the low-
thrust propellant mass due to the 884 m/s velocity increment becomes of significance (89 kg,
considering only low-thrust) and therefore diminishes the effect of lower AV;. The best low-
thrust Ganymede-Europa sequence was Ganymede-JOI-Europa: a propellant mass of 480
kg, saving 738 kg or 61% against the impulsive capture and an extra 100 kg against the bal-
listic Ganymede-JOI-Europa capture. Like the ballistic case, the low-thrust Callisto-Europa
sequences performed worst of the (low-thrust) double-aided cases. With 640 kg for Callisto-
JOI-Europa, saving 578 kg (47%) against not-aided capture and an extra 98 kg compared to
ballistic.

Again, adding a third flyby to the (low-thrust) sequence further lowered the total propellant
mass. The low-thrust Europa-JOI-Ganymede-Callisto sequence again performed worst of all
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triple-aided sequences. A propellant mass of 398 kg meant saving 820 kg or 67 % against the
not-aided capture and an extra mass saving of 79 kg against ballistic triple-aided. Callisto-
Ganymede-JOI-Europa was the best low-thrust triple sequence. A propellant mass of 213
kg meant saving 1005 kg or 83% and 123 kg compared to ballistic Callisto-Ganymede-JOI-
Europa-aided capture.

AVLT [m/S] AV}OI [m/S] Mprop,min [kg] %Mprop,direct [-]

Single-aided
Callisto
cJ 946 710 932 76
JC 938 728 950 78
Ganymede
GJ 968 582 798 66
JG 950 539 749 61
Europa
EJ 436 720 903 74
JE 433 679 859 71
Double-aided
Callisto-Ganymede:
CGJ 919 365 548 45
CJG 908 345 524 43
JGC 884 285 450 37
GJC 886 306 475 39
Ganymede-Europa
GEJ 457 362 504 41
GJE 456 342 480 39
JEG 378 354 487 40
EJG 381 373 510 42
Callisto-Europa
CEJ 476 507 674 55
CJE 473 478 640 53
JEC 301 494 644 53
EJC 305 522 676 56
Triple-aided
CGEJ 505 130 222 18
CGJE 504 123 213 17
CEJG 422 161 253 21
CJEG 420 153 243 20
GEJC 327 165 249 20
GJEC 327 157 239 20
EJGC 298 286 398 33
JEGC 291 273 381 31

Table 6.3: Summary of the AV and total propellant mass results of all low-thrust satellite-aided capture sequences.
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6.4 Conclusion

This chapter combined two methods from the preceding chapters into a heuristic algorithm.
The first one is optimizing using gravity assists with one, two or three of the Galilean moons
(excluding Io) as explained in Chapter 4. The second method was to include low-thrust
propulsion in the Tisserand graph. Important to mention at the end of this chapter is that
all the methods and results presented in this chapter did not take the moons’ phasing into
account. They are just a representation of what is possible from an energetic point of view.
The phasing problem is treated in the following chapter. The combination of low-thrust
and a single gravity assist could not capture the spacecraft in a closed orbit and thus not
in the desired long-period high eccentric orbit. An impulsive JOI is still required but is
reduced due to the low-thrust propulsion. For low-thrust double-aided planetary capture
trajectories, some combinations of moons could potentially close the orbit and thus capture
the spacecraft. However, for the desired 200-day periodic orbit, the impulsive JOI is still
required. However, the presence of low-thrust propulsion reduces this JOI. This reduction
in JOI does not always translate itself into a decrease of propellant mass when compared
to conventional satellite-aided capture. Those sequences should best be flown without low-
thrust propulsion. For low-thrust triple-aided planetary capture trajectories, it is possible
to close the orbit around Jupiter without a JOI. However, for the 200-day periodic orbit, a
JOI is still inevitable (but reduced due to the presence of low-thrust). The best low-thrust
satellite-aided capture sequence is the Callisto-Ganymede-JOI-Europa scenario. With a AV},
of 213 m/s. Combined with the Alj; this only requires 17% of the propellant mass for direct
capture.






Chapter 7

Phasing problem formulation

The previous chapters investigated the abilities of natural satellite-aided planetary capture
trajectories on a purely energetic base. This chapter will discuss the phasing problem of
such trajectories. The phasing problem generally deals with the location of the moons. In
order to actually fly the sequences found in previous chapters, the moons need to be correctly
aligned. This is done in two steps. First, the relative phasing is investigated in Section 7.1.
The relative phasing results are then transferred to an ephemerides search to investigate
when these trajectories can be flown.

7.1 Phase angles

The theory of phase angles lies at the heart of the phasing problem. A ”"phase angle” is
the angle between two celestial bodies relative to a central body at a certain point in time.
With respect to this thesis research topic, the central body is Jupiter and the other celestial
bodies are the Galilean moons used for the capture sequences found in previous chapters
and the Sun. The point in time is always the time of flyby with the first moon. Please note

Position of second
moon at time of
first flyby .

\‘ Phase angle

Position of first
moon at time of first
flyby.

Position of second
moon at time of second
flyby.

\ //,/

S _

Figure 7.1: lllustration of the angle between two celestial bodies w.r.t. a central body at a certain point in time or in general, a
phase angle.

that just as for the optima found in the previous chapter (on a purely energetic base), no

retrograde capture trajectories are considered, only prograde trajectories. This is because all
Galilean moons orbit Jupiter in prograde directions. When considering retrograde capture

75
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trajectories, V,, would be too high and, therefore, diminish the effect of a flyby. In Figure 7.1
a schematic representation of a purely inbound capture trajectory is given. The figure shows
the location of the moons at the time that the flyby with that moon is executed. The JOI
maneuver is left out as the figure only serves to illustrate the physical meaning of a phase
angle.

The purpose of the phasing problem is finding the moons’ angular locations with respect to
the angular location (true longitude) of the first flyby moon at the time of the first flyby. This
essentially means backward propagating the moons under consideration to the point in time
that corresponds to the first flyby. Therefore, the first flyby location needs to be determined,
which goes hand in hand with determining the orientation of the incoming hyperbola.

7.2 Ballistic relative phasing

This section explains the methodology used for determining the relative phase angles for
(ballistic) satellite-aided planetary capture trajectories.

7.2.1 First flyby

In a simplified circular coplanar assumption, the phase angle is, by definition, the difference
in true longitude of the moons considered. The reason for using the true longitude instead of
the true anomaly is because the argument of perijove changes due to the flyby. This strongly
affects the true anomaly, leading to faulty phasing results. Using the true longitude instead,
which is with respect to a fixed reference in space, resolves this issue.

Consider the moment in time just before the first flyby. This point is said to be described in
space by the orbital elements 6,, wq, ag, €y, Qy and iy. The out-of-plane elements Q, and ij are
assumed zero by the coplanar assumption. Therefor only 6,, w,, ag and e, are of importance.
Combining the true anomaly, the argument of perijove and in theory also the right ascension
of the ascending node gives the true longitude of the first flyby.

L0=90+(1)0 +/?[0 (71)

7.2.2 Orientation of incoming hyperbola

To define the point of the first flyby in both time and space, an asymptotic body-fixed frame
is created. In an asymptotic Jupiter-fixed frame, the incoming asymptote of the hyperbolic
approach trajectory aligns with the negative x-axis. This is shown in Figure 7.2. The next
step is to determine the argument of perijove at the moment that the spacecraft enters the
SOI of Jupiter or at the moment of the first flyby. This latter is essentially the same for
ballistic satellite-aided planetary capture trajectories and given by Equation 7.2.

-1

wg =T+ acos (—) (7.2)
€o

Please note that the orientation of the incoming hyperbole and thus also the orientation of

the Jupiter-fixed asymptotic frame can still be arbitrary in the Jupiter-Sun frame.

7.2.3 Second flyby

Now using the patched-conics equations from Chapter 3, the first flyby with the first moon
is executed. This results in new orbital elements (6;, w,, a; and e; ) that should, due to the
zero sphere of influence approximation ( patched-conics), still represent the same location
and point in time as the orbital elements right before the first flyby. Hence we recognize
the motivation of using the true longitude instead of the true anomaly for calculating phase
angles. However, consider the true longitude (and thus the point in space) just after the
first flyby defined by L, = 6; + w; + ;. Propagating the trajectory towards the (orbit of the)
second moon, the true longitude is defined as L, = 6, + w, + &;. Because the inter-moon
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Figure 7.2: Schematic of the orientation of approach hyperbola (w,) in the asymptotic frame.

trajectories are considered as purely conic sections, the argument of perijove stays constant
(w1 = wy). Therefore the angle between the two moons at two different points in time (first
flyby and second flyby) is defined by Equation 7.3. 6; and 68, are given by Equation 7.4. The
negative or positive sign on the righthand side of Equation 7.4 is defined by whether the
flyby is executed before or after (respectively) the JOI. As the JOI is always inserted at the
perijove, flyby’s following after JOI are always outbound and occur at true anomalies greater
than zero.

Lyy=L,=Li=60+w;—(61+w)=6,—-06, (7.3)

a,(1—e?)—a
en — iacos n( n) moon,n (7.4)

€n%moonn

Important to note is that L,; is not the phase angle. A phase angle is defined at one point in
time. Therefore, a time-of-flight correction needs to be added to account for the travel time
from flyby one to flyby two. When the spacecraft is in hyperbolic orbit, the time-of-flight of
the intermoon trajectory is given by Equations 7.5 and 7.6.

3
—a . .
tyy = ’ .ujl [(61 sinh Hmoon,z - Hmoon,z) - (el sinh Hmoon,l - Hmoon,l)] (75)

a;—a
H00n = —cosh (ﬂ> (7.6)
aieq

A different description applies if the intermoon trajectory has already become elliptic due to
flybys or impulsive JOI maneuver. In that case, the time of flight for the intermoon trajectory
is calculated by means of Equations 7.7 and 7.8.

a3 _ '
ty = #—j [(e1 Sin Emoon2 — Emoonz2) — (€1 SI Emoon1 — Emoon1)] (7.7)
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a; —a
Ermoon = — COS (%) (7.8)
1°1
u
Nmoon = 3 d (7.9)
Amoon

In the above equations, u; is the gravitational parameter of Jupiter and a0, the semi-
major axis or due to the circular coplanar assumption, the orbital radius of the moon under
consideration. Hy,,,, and E,,on are the hyperbolic and eccentric anomaly respectively. Now
using the mean angular motion of the moon for which the time-of-flight correction needs to
be added (Equation 7.9, this equation was already mentioned in Chapter 3 by Equation 3.7
but repeated here for convenience), the relative phase angle of the second moon with respect
to the first moon, at the time of the first flyby (AL,;) is given by:

ALy = (02 — 81) — Nmoon,2ta1 (7.10)

7.2.4 Third flyby

Adding a third flyby is done relatively straightforward but now with two correction terms for
the times of flight. The first one corrects for the angular motion of the third moon during
two inter-moon transfers; the second corrects for the angular motion of the second moon. If
this second correction term were not added, the phase angle would be defined with respect
to the location of the second moon at the time of the first flyby moon. Adding the time of
flight correction (now positive) of the second moon resolves this. Now the phase angle of the
third moon (AL4,) is defined with respect to the location of the first moon at the time of the
first flyby moon.

ALy = (64— 65) — Nmoon,3 (ta1 +ta3) + Nmoon,2t21 (7.11)

The geometric definition of all the angles discussed in this section is shown in Figure 7.3.
The phase angles are positive in counterclockwise direction, meaning that both AL,; and ALy,
are negative for this case.

7.2.5 JOI

The impulsive JOI can be implemented at any location in the sequence by means of logic.
Conside