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Geostationary Transfer Orbits (GTQO) are geocentric orbits widely considered for kick-stage
operations of satellites for deep space missions. A piggyback spacecraft departing from GTOs
requires a low transfer cost. The type of GTO and launch timings of piggyback missions, on
the other hand, are typically determined by the primary mission that carried the piggyback
spacecraft. This research introduces a new transfer strategy that coordinates piggyback
spacecraft’s departure timing from Earth to deep space via an Earth synchronous orbit (ESO)
after departure from GTO. It also enables the spacecraft to change its velocity direction by
introducing Earth gravity assists. Connecting several GTOs and interplanetary trajectories
via ESOs reduces the AV required for the transfers. It leads to utilizing transfer opportunities
previously considered unsuitable for missions or miniaturizing the kick motor. As a result,
ESOs allow for a broader launch opportunity for deep space piggyback probes. In addition, the
feasibility of ESOs is shown numerically by comparing direct and ESO-assisted transfer from

GTO to Mars with the required AV.

Nomenclature
a = semimajor axis, km
e = eccentricity
i = inclination, deg
N = maximum number of laps around Sun
P = orbital period, years
Rp = flyby perigee radius, km
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r = position, km

v = velocity, km/s

Voo = hyperbolic excess speed, km/s

Vo = initial speed on GTO, km/s

Vesc = escape speed, km/s

AV = velocity change, km/s

@ = azimuth, deg

B = required flyby turn angle, deg

Br = flyby turn angle, deg

Bmax = maximum flyby turn angle, deg

) = elevation, deg

0 = true anomaly, deg

u = Sun’s gravitational constant, km? /s’
ME = Earth’s gravitational constant, km?/s?
Q = right ascension of ascending node, deg
w = argument of perigee, deg

I. Introduction

HE number of rocket launches increases every year to meet the demand for satellites used either in commercial
Tactivities or governmental space programs. As a result, the number of launch vehicles that adopt a piggyback
launch system continues to rise[1]. Piggyback spacecraft are launched alongside a primary mission on the same rocket,
and thus they are also called “secondary payload” or “rideshare.” In this system, it is possible to lower the costs of
inserting a spacecraft into a given orbit because the expenditure for the launch is redistributed over a larger number of
customers. For example, Arianespace provided a piggyback service named “Arianespace System for Auxiliary Payloads”
for several launches[2} 3], while SpaceX was able to launch 143 spacecraft at once in 2021 by adopting a similar service.
A further example is given by the Space Launch System (SLS) rocket, which plans to carry 13 nano-satellites together
with the Artemis I Orion spacecraft to the Moon[4H11]]. This mission includes JAXA’s Earth-Moon libration point
orbiter EQUULEUS and the world’s smallest lunar lander OMOTENASHI as piggyback spacecraft[12]. In general, the

number of piggyback probes for deep space missions is expected to increase in the future.
Besides the advantages in terms of costs, piggyback systems are also a viable option to save fuel for orbital maneuvers.
For example, since many launch vehicles are capable of directly inserting the payloads into a GTO, piggyback probes

for deep space missions may significantly decrease the required velocity change AV by starting their autonomous



journey while a very high altitude is reached[13]. In the approximation of the required AV for a Hohmann transfer
trajectory, a nominal transfer from Low Earth Orbit (LEO) to GTO costs 2.4 km/s, LEO to the Moon costs 3.1 km/s,
and LEO to Mars costs 3.6 km/s[[14]. Therefore, a spacecraft that does not need to use its own propulsive system until
reaching GTO needs only 0.7 km/s of AV to transfer from GTO to the Moon and 1.2 km/s for transfers to Mars[13]].
Most geosynchronous satellites are launched into GTO by launch vehicles and transfer to geosynchronous orbit using
their kick motor. Accordingly, there are also many opportunities to transport piggyback spacecraft to GTO, and they
can reach high altitudes for a low cost[[15]. However, the primary mission typically determines launch conditions, so
there are two major issues coming from this constraint. The first one is the change of positional relationship between
Earth and the target body of the piggyback spacecraft. In other words, the AV needed to reach a certain target may
substantially increase from the minimum theoretical one, we estimated here, depending on the launch timing due to the
different relative positions at that time. The second one is the limitation due to the GTO plane’s orientation, which is
determined by three orbital elements, inclination i, right ascension of ascending node €2, and argument of perigee w.
The rocket launch site determines #, the launch time determines €2, and when to separate the payload determines w. As a
result, the launch opportunity is limited, and large maneuvers are sometimes required to change the orbital plane of
piggyback spacecraft trajectory[[16]. For these reasons, improper timing can greatly increase the required AV even if
the departure is from GTO and piggyback spacecraft consequently cannot exploit the advantage of reaching GTO at
a low cost. That is why almost all piggyback spacecraft target the same body as the primary spacecraft or stay near
Earth[[17]. To use piggyback launch opportunities effectively, dealing with the high AV requirements imposed by these
two problems is necessary.

Inventive approaches have been analyzed to efficiently save the AV for the piggyback spacecraft’s transfer to various
objects. Fujiwara et al. evaluated the performance of the hybrid rocket kick motor for transfers to the Moon with
arbitrary launch timing[[13]. Romero et al. verified an efficient transfer method to Sun-Earth L1 periodic orbits by
using dynamical structures, such as stable invariant manifolds[15]. Stender et al. estimated the maneuvers cost for
transferring to the low lunar orbit[16]. In addition, transfers to other planets are also discussed. Gershman et al. studied
the transfer to Venus and Mars using lunar gravity assist[18]. Penzo designed trajectories with more than three impulses
to adjust the direction and achieve AV[19H22], while Woolley et al.[23]] designed spiral orbit to achieve AV with less
fuel. These studies reduced the AV in specific launch timings, but it is also a problem that the positional relationship
between the Earth and the target body changes. For example, in a transfer from GTO to Mars, the relative positions of
Earth and Mars in the inertial frame coincide every 780 days. It is the so-called synodic period. On the other hand, the
launch period when transfers to Mars are cheaper is only for about 2-4 weeks in the synodic period [18}24]. Itis a
major problem for a piggyback spacecraft because a primary mission determines its launch timing, and it is possibly
unsuitable for the piggyback spacecraft. Penzo also suggested that, when using lunar gravity assist, it may be necessary

to wait on the GTO for a long time until the Moon position became desirable[21]. Staying on the GTO for a longer time



means spacecraft have to pass through the radiation belts many times and is required thicker shielding against radiation,
thus adding more mass to the spacecraft. To take advantage of piggyback launch opportunities, we need a different
approach to deal with the variation of the celestial objects’ position and GTO’s orbital plane’s orientation.

In this research, we propose a new transfer strategy via Earth Synchronous Orbit (ESO) to reduce the required AV
cost. An ESO is a resonance orbit with the orbit of Earth. Especially, a 1-year ESO is a 1:1 resonance orbit, and a
spacecraft orbiting in 1-year ESO around the Sun will have the same period as Earth’s orbital period. The spacecraft
departing from the GTO into an ESO will orbit around the Sun in a different orbit to the Earth, and perform an Earth
gravity assist[25] when it rendezvous with the Earth again. If the appropriate ESO is selected, the relative velocity
to the Earth can be changed by Earth gravity assist, and the required energy to transfer spacecraft into interplanetary
trajectory can be reduced by changing the departure timing from Earth. Although introducing an ESO reduces the energy
requirement of Earth departure and adjusts the Earth escape velocity, and some missions have used an ESO[26) 27]], no
research has focused on utilizing ESOs to assist piggyback deep space probes and is still open to debate. The main
purpose of this paper is to establish a trajectory design process via ESOs, to enable the flexible transfer connection
between GTO and interplanetary trajectory by an ESO, and to apply this method to the GTO-Mars transfer and provide
its concrete applicability. Three missions were launched to Mars in the last launch window in 2020[28H30]], and several
missions are currently planned[31H33[]. Expanding the opportunities to transfer to Mars is demanded. This method
reduces AV required at the time of escape from the GTO. Thus, it leads to utilizing transfer opportunities previously
considered unsuitable for missions or miniaturizing the kick motor. In addition, the proposed method will lead to
increased opportunities for deep space exploration by piggyback probes. With the increase in the number of exploration
opportunities, we can expect to gain much scientific knowledge in the future.

The paper is structured as follows: Sec. [[jintroduces an overview of transfers via ESOs, followed by the trajectory
design process presented for each phase in Sec.[[Tl} In Sec. [[V] we discuss the results of the transfer trajectory design
from GTO to Mars as an application example of this method. The possibility of handling multiple launch conditions is

also mentioned in Sec. [V] Finally, conclusions are drawn in Sec.[V]]

I1I. Concept of transfers via ESOs
Before discussing the ESO-based trajectory transfer method in detail, this section outlines an ESO in general,

including the sequence of transfer using an ESO and the major benefits of using an ESO.

A. Outline of the trajectories
We systematized the method to apply to various celestial bodies, such as Venus and Mars. This paper introduces
a process for designing transfer trajectories from GTO to Mars via an ESO as an example. Figure [I]illustrates the

difference in the transfer sequence between the direct transfer and the transfer using a 1-year ESO. This ESO has been



used in several missions[26| 27]]. Figure [2]shows a transfer trajectory via a 1-year ESO. The piggyback spacecraft’s
kick motor is used only once in all sequences to transfer from GTO to the interplanetary trajectory or an ESO. This
framework is also applicable to solid rocket motors because this study considers only a single impulse. We aim to

reduce AV required for the kick motor during the transfer from GTO by using an ESO.
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Fig.1 Comparison of GTO to Mars sequences in this study.
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Fig. 2 GTO to Mars transfer trajectory via a one-year ESO. The sequences of transfers from GTO to Mars are
numbered from (1) to (5).

The following three assumptions are used in this study:

1. The velocity changes by the kick motor or Earth gravity assist are impulsive. The time required for these velocity
changes is considered sufficiently short compared to the time required for interplanetary transfer.

2. We use the method of patched conics[[14]], which considers only solar gravity in interplanetary transfer and only
Earth gravity in the Earth’s sphere of influence (SOI). All perturbations such as the gravity of other bodies in the solar
system and solar radiation pressure are ignored. In actual missions, especially before and after the Earth gravity assist, a
highly accurate trajectory correction maneuver (TCM) is required to consider perturbations[27, 34]. The Juno mission
completed it by making several TCMs of less than 4m/s two months before the Earth gravity assist[35]]. This study
focuses only on the AV during the trajectory transfer from GTO without considering TCMs.

3. The Earth and Mars are assumed to be circular orbits on the ecliptic plane. The Earth actually has an eccentricity
of 0.0167, and Mars has 0.0935. In addition, the inclination of Mars is 1.851 deg[36]. The required energies to depart

from the Earth change with each synodic cycle, but their global changes are almost the same. Assuming circular orbits



allows us to get approximate average values of all cycles, so it is possible to grasp the global change (Appendix A).

B. Advantages of transfers via ESOs

There are two advantages of going through an ESO. First, the piggyback spacecraft can revolve around the Sun for
any period. For example, in Earth to Mars transfer, the period suitable for launch comes every two years and two months
as the relative positions of these two celestial bodies change. It may not be possible to launch piggyback missions
at a convenient time. However, the spacecraft inserted into an ESO will orbit the Sun and eventually return to the
Earth. As a result, the transfer via ESOs enables the departure time of the transfer from Earth to the target body to be
altered. Besides the required energy reduction for interplanetary transfer, staying on ESO eliminates the necessity for
the spacecraft to stay on the GTO for a long time. If we use the lunar gravity assist, the spacecraft had to stay on the
GTO until the desired time. As a result, its mass will increase due to the thicker shielding against radiation. Therefore,
transferring to ESO is effective while designing lighter spacecraft. Second, the spacecraft can adjust its velocity by Earth
gravity assist while re-encountering with the Earth. As usual, GTO specifications for the primary spacecraft differ from
the ideal GTO for the piggyback spacecraft. However, transferring to ESO allows correcting the piggyback spacecraft
to the desired velocity direction by the Earth gravity assist. It is also valid for any spacecraft that have failed orbital
insertion to recover it to the initially planned trajectory. The first advantage is that using ESOs increases the number of
options for interplanetary trajectories. The second advantage is that the Earth gravity assist increases the number of
options for escape trajectories from various GTOs. There were few options to transfer from GTO to outer space for
direct transfer, but transferring via an ESO increases interplanetary and escape trajectory options. It is to say that an
ESO enables a flexible connection between interplanetary trajectories and GTOs. It would expand the opportunities for
transfer into deep space. In recent years, larger rockets can carry multiple spacecraft at once. Setting an appropriate
ESO for each spacecraft seems to enable exploring multiple celestial bodies from a single rocket.

Several missions have taken advantage of using an ESO. For example, Hayabusa went through a 1-year ESO before
transferring to Itokawa. Kuninaka et al. reported another advantage of using an ESO[26] with its mean orbital radius is
approximately 1AU. It was suitable for the probe because it provided enough solar power, the appropriate temperature.
This situation enabled it to take full advantage of the electric propulsion. Hayabusa2 also went through an ESO to
expand the launch window. Tsuda et al. also reported that another advantage of using an ESO is that a spacecraft in ESO
does not need large maneuvers and can save fuel[27, 37]. Despite the many advantages of using an ESO as described
above, most of the research related to ESOs is for specific missions. Therefore, we have established a systematic design
method to connect GTO and interplanetary trajectory via an ESO. This method makes ESOs applicable to several deep
space exploration missions originating from GTO and enables us to take advantage of the usefulness of an ESO to
broader missions. For Mars transfer, our method can expand launch opportunities with fewer major impulses and less

time spent on the GTO than previous studies using the lunar gravity assist.



III. Trajectory design process

This study has developed a tool to evaluate AV for direct transfer and through an ESO transfer from GTO to
interplanetary trajectory under various launch conditions. In particular, this section presents the procedure to design
transfer trajectories through an ESO. The design procedure is as follows.

* Design of interplanetary trajectory from Earth to target body

* Connect a 1-year ESO to the interplanetary trajectory

* Connect a GTO to a 1-year ESO
It is also possible to connect multiple ESOs if necessary, so we propose two types of procedures (Fig.[3). The procedure

of the direct transfer trajectory design is described in Appendix B.

Interplanetary trajectory design §III. A
1-year ESO Multiple ESOs
to to
interplanetary trajectory  interplanetary trajectory
§IIL. B §III. C
GTO to ESO §III. D

Fig.3 Trajectory design procedure.

A. Designing interplanetary trajectories

The transfer trajectories from Earth to Mars are designed by solving the Lambert problem[38]]. There are 2N + 1
solutions for each time of flight (TOF), where N is the maximum number of revolutions under the TOF set. The
proposed transfer method considers all of them. Doing this enables to increase the number of ESO options to transfer.
In our method, an Earth flyby after transferring via an ESO changes the spacecraft’s velocity to the interplanetary
departure velocity. Even if the required energy to depart is low, the Earth flyby may be impossible depending on its
direction (Appendix C). Therefore, by comparing all types of interplanetary trajectories, the possibility of obtaining an

appropriate one will be increased.

B. Connecting a 1-year ESO and an interplanetary trajectory

ESO is defined by six variables, the orbital elements or the state vectors at a specific point. In this study, the Earth
flyby connects the ESO and the interplanetary trajectory. For simplicity, we assume that the spacecraft is Earth-centered
during the Earth flyby and that its velocity vector at the endpoint of the ESO changes instantaneously to its velocity
vector at the departure point of the interplanetary trajectory (Fig.[d). Furthermore, both speeds are assumed to be the
same without using the powered gravity assist in this study. Accordingly, the pre-designed interplanetary trajectory

determines the spacecraft’s position (three elements) and speed (one element) at the endpoint of ESO.
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Fig.4 Schematic diagram of Earth gravity assist.

A method to define the remaining two parameters is the V,, diagram proposed by Kawakatsu[39]. It is a useful
method to select a suitable post-flyby trajectory for a certain pre-flyby trajectory in gravity assist trajectory design. Here,
we design pre-flyby orbits (ESOs) based on a post-flyby trajectory (interplanetary trajectory) in this paper. First, a local
coordinate system is introduced (Figs.[5(a)land 5(b)). Then, the remaining two elements, the directional component of
the spacecraft’s velocity vector at the endpoint of the ESO, can be defined as the azimuth and elevation angles relative to

the direction of the Earth’s orbit. By varying these two parameters, we can find appropriate ESOs. In this coordinate

Earth

Earth

(a) Definition of Local coordinate system. (b) Definition of azimuth () and elevation (6).

Fig. 5 Coordinate system settings of ESO design.

system, the origin is the center of the Earth during a flyby. The x axis is the direction of the orbital velocity, and the z
axis is perpendicular to the orbital plane. y axis is defined to compose the right-hand system with x and z axes. The
Earth’s orbit is assumed as a circle, so the y axis corresponds to the Sun’s direction. Then the azimuth angle « indicates
the in-plane direction, and the elevation angle ¢ indicates the out-of-plane direction. Figure[f]shows one example of the
Vo diagram. In this case, the magnitude of V., is fixed at 3.43 km/s, the departure speed of an interplanetary trajectory.
Then, @ and § were varied -180 to 180 deg and -90 to 90 deg, respectively, and the orbital information was calculated
for each. There are four types of information in this diagram, flyby turn angle S, orbital period P, and eccentricity e,

which are the constraints for the ESO, and inclination 7, which is an example of the use for mission design.
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Fig. 6 Grid search example of 1-year ESOs.

The first constraint is the flyby condition. It determines if the spacecraft can perform Earth flyby. This condition
must be satisfied when connecting from an ESO to another ESO or interplanetary trajectory. The blue lines indicate the
required flyby turn angle g that needs to be bent by the flyby to adjust the velocity on the ESO determined by each «
and § to the departure velocity of interplanetary trajectory. The required turn angle S is calculated as the angle between
the incoming (at the endpoint of the ESO) and outgoing (at the departure from Earth to Mars) excessive velocities.
However, the angle that Earth’s gravity can be bent varies depending on the flyby altitude, velocity, and the target body
(Eq.(I))[14]], where B is the flyby turn angle, R is the flyby perigee radius, V. is the flyby speed, and ug is the Earth’s

gravitational constant.

BF 1
sin—= ——— 1
2 1+RpV2/ug M

Because the interplanetary trajectory determines Vi, and ug is a constant, 8 can be regarded as a function of R. In
practice, a lower limit must be set for R to avoid collision with the Earth during Earth flyby. In this study, the minimum
value of the radius is for a flyby on the Earth’s surface (perigee radius = Earth’s radius). The upper limit of turn angle
Bmax is calculated and shown as a bold blue line in Fig.[6] If the required turn angle 3 is greater than By, the flyby is
not feasible. Thus, the flyby is possible only for pairs @ and ¢ in the white area. In addition, the gray shaded area in Fig.
[6] represents the velocity region where the angle required for flyby cannot be achieved, the orbit group that does not
satisfy the flyby condition. It may be possible for regions requiring a large turn angle to gradually bend the velocity
direction by increasing the number of flyby cycles[40], but this is out of the scope of this paper.

The orange line indicates the second constraint, orbital period. An ESO is a resonance orbit with the orbit of Earth
for the spacecraft on the ESO to re-encounter with our planet and perform the Earth flyby. Therefore, the orbital period

is one of the parameters that constrain the ESO. By determining the orbital period, the semimajor axis a is uniquely



determined, and the speed |v| and position r of the spacecraft on the ESO are constrained, as shown in Eq. (2)[14]],
where a is the semimajor axis, and y is the Sun’s gravitational constant.
a’ 7

P=2a\|—, a=

y - 2
r v —2u/Ir] @

This study focused on only the case with one year (bold orange line). However, it can also be used for other periods, and
further performance improvement can be expected by using orbits with other periods.
The third constraint is the eccentricity and is indicated as the purple line. It is an essential indicator for thermal

design. The eccentricity of the ESO is defined by Eq. B)[41].
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In an orbit with large eccentricity, both perihelion and aphelion distances change significantly. Thus, it is desirable to
constrain the eccentricity to some extent according to the thermal design of the spacecraft. In addition, some types of
ESOs are imposed substantial restrictions on eccentricity to re-encounter with Earth within a short interval, as shown in
Sec. These three constraints limit the number of orbits that can be used as ESOs.

Besides these parameters, adding more information to this diagram is effective. For example, the green line indicates

the inclination, and is given by Eq. @)[41].

(rxv),

I =cos” “)

|r xv|

The SOLAR-C mission chose a largely inclined orbit to observe the Solar polar regions[39]]. Showing multiple orbital
information on a single V., diagram facilitates the selection of an ESO according to the mission.

If a point is on the bold orange line and within the white area, the pair of @ and § representing that point is available
as a 1-year ESO. The more points of the bold orange line contained within the white area, the more ESO options are
available and can expect lower AV. In addition, the maximum turn angle, which determines the region, depends on the
flyby speed, as shown in Eq. (I). Lowering the departure velocity of the interplanetary trajectory enlarges the white area
and leads to attaining more ESO options. It is challenging to know all ESOs because the degree of freedom in an ESO
design is two. Introducing the Vi, diagram enables to compute only trajectories that satisfy the constraints set for each

mission.
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C. Connecting multiple ESOs and interplanetary trajectory

This subsection presents the case of transfers using a 1-year ESO followed by a 0.5-year ESO to demonstrate the
transfer via multiple ESOs. Note that the 0.5-year ESO used here is a particular case of the 1-year ESO. A spacecraft in
this orbit meets the Earth twice in one year. Figure[7]illustrates the sequence of transferring a 1-year ESO and a 0.5-year

ESO to re-encounter with Earth in 1 year and 1.5 years after. Also, Fig. [§]shows a transfer trajectory of this case.
» Via 1-year ESO + 0.5-year ESO

Earth Maneuver g ———— ———>
(GTO) 1-year ESO 0.5-year ESO Earth to Mars

Fig.7 Sequence of transferring via a 1-year ESO and a 0.5-year ESO.

-

(7) Earth to Mars transfer

(4) Gravity assist #1 .
(2) Maneuve X

(3) 1-year ESO 1) GTO
/ Earth orbit y
(6) Gravity assist #2
Mars orbit
X (5) 0.5-year ESO

Fig. 8 GTO to Mars transfer trajectory via a one-year ESO and a 0.5-year ESO. The sequences of transfers
from GTO to Mars are numbered from (1) to (7).

The trajectory design procedure is as follows.

* Design of interplanetary trajectory from Earth to target body

* Connect a 0.5-year ESO to the interplanetary trajectory

* Connect a 1-year ESO to a 0.5-year ESO

* Connect a GTO to a 1-year ESO
Note that we have to consider another strong constraint in addition to the four degrees of freedom determined by Earth
flyby as a 1-year ESO case to use a 0.5-year ESO. To meet the Earth twice during one orbit, the orbital period and the
orbital shape of the ESO must be the same as that of the Earth, and the eccentricity e is uniquely determined. Therefore,
velocity and position are constrained, as shown in Eq. (3). As a result, from Fig. 0] there are only two options at most
(@ = 0deg, 6 = £87 deg). It is difficult to effectively use ESOs for the GTO to a 0.5-year ESO transfer because the
number of transfer options is almost the same as that of the direct transfer due to this strong constraint. Therefore, when
escaping from the GTO, we first insert the spacecraft into a 1-year ESO with a higher degree of freedom and then

change the orbit to a 0.5-year ESO using an Earth flyby after one year. As a result, we expect to reduce the demand for
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Fig. 9 Grid search of 0.5-year ESOs.

maneuvers during the escape from the GTO.

The diagrams in Fig. [I0] show the 1-year ESO options for connecting to these 0.5-year ESO selected here.
Approximately thirty percent of the regions do not meet the flyby condition. However, there are two options for a
0.5-year ESO, so considering the two cases yields enough 1-year ESO options to connect GTO and ESO flexibly.
Thus, it is possible to construct a sequence through multiple ESOs: by first designing an interplanetary trajectory, then
designing an ESO that satisfies the constraints imposed by the orbital period, flyby conditions, and eccentricity, and

finally designing a new ESO for pre-designed ESO using the same procedure repeatedly.
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Fig. 10 Grid search of 1-year ESOs for the 0.5-year ESO.

D. Connecting a GTO and an ESO

1. Problem setting
In creating escape trajectories to connect a GTO and an ESO, there are four degrees of freedom in escaping from
GTO with a single impulse: the starting point in GTO (one element) and AV vector (three elements). Here, the local

coordinate system is introduced to compute AV (see Fig.[TT(a)). The x axis is the direction of the spacecraft’s velocity
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on the GTO, the z axis is perpendicular to the GTO plane, and the y axis is set to form a right-handed system on them.

Then, an angle in the in-plane direction is set to @, and in the out-of-plane direction is set to &, as shown in Fig.[T1(b)]

Vo

Spacecraft

x (vo)

GTO Spacecraft

(a) Definition of Local coordinate system. (b) Definition of azimuth (&) and elevation (&).

Fig. 11 Coordinate system settings of escape trajectory design from GTO.

In direct transfer from GTO to an interplanetary trajectory, out-of-plane acceleration is required in many cases
because there is only one option of interplanetary trajectory. If the orbital plane of the GTO and that of the interplanetary
trajectory deviate significantly, additional AV is required to correct the velocity direction accordingly. In transferring
via an ESO, there are several options of 1-year ESO for one interplanetary trajectory. There is a high possibility that
some solution exists to escape through the in-plane direction maneuver because any one of them can be selected at the
time of transfer from GTO. Therefore, we limit the AV direction to the in-plane for the transfer from GTO to ESO. As a

result, only the low AV transfer trajectory can be calculated with as few as three degrees of freedom.

2. Connection method

In this study, to efficiently calculate AV required for the transfer from GTO to ESO, we first compute the V,, groups
that can be achieved when a certain AV is given in the in-plane direction from any point on GTO and consider these
groups as a region (Fig. [I2). Each blue dot in these figures represents each direction velocity of the V., in the Cartesian
coordinate system. The V., that the spacecraft can achieve is varied by AV. After that, we determine whether the
pre-designed ESO is included in these regions (Fig. [I3). By following this procedure, the possibility of connecting to
multiple ESOs can be examined at a low computational cost.

Fig. [I2]illustrates the V., regions, where, azimuth « and starting point 6 are changed with every AV, and the relative
velocity to Earth which each achieves on the edge of SOl is plotted. Furthermore, we expressed the region as a function
of AV for proceeding with the crossing decision. The region becomes a distorted circle because the initial velocity
varies depending on the starting point on the GTO. Thus, the coordinate system is transformed into a polar coordinate
system, and the region’s outline is formulated as the Fourier series with a period 2. We set the Fourier series order to 7
so that the error is less than 0.05 km/s. Considering that the theoretical minimum value of V,, for the transfers from

Earth to Mars is 2.9 km/s, this error is acceptable. Note that, there is no solution at the center of each region because
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Fig. 12V, region of escape trajectory under limitation of in-plane maneuver.

about 0.93 km/s is required to escape from the edge of SOI, as shown in Eq. (3).

Vesc =

(&)

In addition, the escape from the apogee side of the GTO is possible only by low-energy transfer when the AV is less than
2.7 km/s because the initial velocity is insufficient to escape. As a result, the region’s shape changes significantly when
the AV is 2 km/s and 3 km/s. Therefore, we carried out two different formulations in the region with high and low

AV with 2.7 km/s as the boundary. The red line in Fig. [I2)is obtained from the results formulated. The details of the

formulation are described in Appendix D.

4 e V_ region (AV=3km/s)
® ESO (2=50deg)

ESO (2=100deg)
24| e ESO(Q=150deg)
o ESO (2=200deg)

z[km/s]

ylkmy/s] xX[km/s]

Fig. 13 Relationship between escape trajectory’s V,, region and ESOs’ velocity group.

Next, we calculate AV by crossing these regions with the target ESO velocity group which is obtained by Sec. [IL.B]

or[[I.C] Functionalization enables the determination of the intersection with the velocity group of ESO numerically. The
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intersection decision is made by comparing the region with the length of the radial coordinate in the polar coordinate
system at the point where the ESO velocity group intersects the orbital plane of the GTO. The dichotomy method or
other methods make it possible to calculate the minimum AV to reach a predefined ESO from GTO. Moreover, the
escape velocity group region from the GTO created in this study can be used for any orbital plane orientations of GTO.
The GTO orbital plane is used as the reference plane, and the velocity group of ESO is rotated according to the change
in orientation of the GTO plane. It enables to facilitate the determination of the intersection between the velocity group
of ESO and the GTO orbital plane, as can be seen in Fig. [I3] In addition, it is possible to calculate AV required to
achieve an arbitrary V,, for those trajectories because the region created here is an independent problem in the SOI of
the Earth. This method can be used universally for any target body.

Designing the escape trajectory from GTO to connect to many ESOs requires a large amount of computation.
However, V., that the spacecraft can achieve when a single impulse is given from the GTO is unique to each GTO shape.
The V,, region and its functionalization and the use of the V,, region to make crossing decisions for all ESOs at once

significantly reduce the computational complexity.

IV. Application to Mars transfer
The tool developed in this study can be used for designing transfer trajectories between several GTOs and target
bodies. In this paper, we present GTO to Mars transfer as an example. We compared the direct transfers with those
using ESOs (only a 1-year ESO or a 1-year ESO combined with a 0.5-year ESO) in combination from various flight

times and various viewpoints. As a result, the usefulness of an ESO was revealed numerically.

A. Trajectory design condition

Maximum TOF of interplanetary transfer is varied from 0.5 to 6 years, to be selected according to the spacecraft
specifications. This analysis was performed for the following three cases: (1) direct transfer, (2) via a 1-year ESO, and
(3) via a 1-year and a 0.5-year ESO. Then, we compared the results of direct transfer case (1) and using ESOs transfer
case (1-3). In order to evaluate the required AV changes due to the launch date during one synodic cycle, a serial date is
introduced from Day:1 to 780. Here, Day:0 is the timing when the Earth and Mars are aligned. Under this problem setup,
the total TOF varies from 0.5 years to 7.5 years in 0.5 years increments, depending on the combination of the TOF from
Earth to Mars and the escape method from GTO. This paper limits the maximum TOF to up to 6 years and avoid using
high-elliptical orbits (e is constrained to be less than 0.3), considering the thermal design of piggyback nano-satellite.
The Orbital elements of the GTO are tabulated in Table[T] It is the same setting as the previous study[13] with a perigee
altitude of 300 km. Earth and Mars are circular orbits, and their orbital radius is 1 AU and 1.52 AU, respectively[14]].

In this computation, four elements are changed respectively: the transfer method (direct transfer or using ESOs

transfer), the maximum TOF (from 0.5 to 6 years in 0.5-year increments), the Earth departure date (from 1 to 780 days
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Table 1 Orbital elements of GTO.

Orbital elements GTO
Semimajor axis a [km] 2.442 x 10*
Eccentricity e [-] 0.7265
Inclination i [deg] 30

Right ascension Q [deg] 1-360

Argument of perigee w [deg] 180

in 1 day increments), and Q corresponding to the Earth departure time (from 1 deg to 360 deg in 1 deg increments).
Therefore, in this section, we compare two methods; direct transfer and using ESO transfer. In addition, we present how
the period in which the spacecraft can transfer to Mars changes and how much the required AV decreases for each upper

limit of flight time.

B. Definition of Local solar time

We introduced the concept of “Local solar time” as an indicator for the time of day in this analysis. The definition of
local solar time at GTO perigee is shown in Fig. [[4] Launch timing relates to © because it represents the amount of
rotation from the equinox direction. However, because the Sun’s direction changes as the Earth orbits, the local time
changes even with the same Q, as shown in this figure. The local solar time at the GTO perigee helps determine the orbit
insertion time into the GTO. In general, the GTO’s orbital plane direction depends on the launch time and longitude of
the launch site. Local solar time treats them as equivalent and allows discussion without being limited to a particular
launch site. The launch time also can be derived by back-calculating, considering the launch vehicle’s performance and
the location of the launch site. Moreover, the local solar time changes with the change of Q, as shown in Fig. [I5] In this

section, only the case of w = 180deg is discussed. The following section discusses the case of w = Odeg.

0 a.m. SUN Equinox

9 p.m.

6 p.m.

Fig. 14 Definition of Local Solar Time at GTO Perigee (v = 180deg, Q2 = Odeg)[21]].
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(a) w = 0deg. (b) w = 180deg.

Fig. 15 Relationship between orientation of GTO and Q.

C. Results

This subsection shows the results to support both the mission and the propulsion system design. We also evaluate
AV required to cope with two types of launch windows. First, the required AV for transfer from Earth to Mars are shown
in a contour plot for the launch date and time. In particular, this paper presents two example cases; maximum TOF of
three years and five years. The horizontal axis in Figs.[I6|and[T7]show the departure date from GTO, and the vertical
axis shows the local solar time at the perigee. Here, "Maximum TOF: Three years" means total transfer time is less than
three years, so it includes three types of trajectories. 1. The direct transfer in less than three years. 2. The transfer from
GTO to one-year ESO, followed by a transfer to Mars in less than two years. 3. The transfer from GTO to one-year

ESO, followed by a 0.5-year ESO, and then a transfer to Mars in less than one and half years.
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Fig. 16 Comparison of the required AV variation with launch timing for each maximum TOF (Direct transfer).

For direct 3 years transfer, it can be noted that, there are several opportunities that provide low AV transfers at a
specific local solar time. However most of the transfer opportunities are more than 5 km/s ( Fig. [[6(a)). Also, extending

the maximum transfer time to 5 years lowers the overall AV (Fig. [[6(b)). However, the launch period with the lowest
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required AV is about once every six months, and there are some periods with a narrow daily launch window.
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Fig. 17 Comparison of the required AV variation with launch timing for each maximum TOF (Using ESOs
transfer).

In contrast, as can be seen from Fig.[T7] using ESOs reduced the required AV significantly. In the 3 years transfer,
the ESO can be used effectively when the direct transfer is not suitable for the mission. The transfer with low AV is
possible in about half of the consecutive periods among all launch days (Fig. [[7(a)). Moreover, in the 5 years transfer,
the ESO can be used for all launch dates, significantly expanding launch opportunities (Fig. [[7(b)). In a piggyback
spacecraft, the primary mission determines the launch timing. Therefore, the wider the launch timing that the spacecraft
can cope with, the more piggyback launch opportunities can be used. These results provide a basis for mission design.
For example, the desirable launch time can be determined by this diagram in the primary mission design. Likewise,
these figures clarify AV required for the mission at the set launch window in the piggyback mission design.

Figure [T8] shows the relation between AV and the percentage coverage of the launch opportunity. Figure [I8(a)]
shows that direct transfer, the launch opportunity does not expand much even if the AV increases, especially below
3.3 km/s. By using ESOs, the minimum AV required for the transfer from GTO to Mars and AV required to cover all
launch opportunities are reduced significantly, respectively (Fig. [I8(b)). In addition, for example, if the AV is 1.7 km/s,
the launch window of direct transfer is only about one hour per day on about 50% of the launch days, while the ESO
expands the window to more than four hours on all the launch days. These diagrams are useful indicators for designing
propulsion systems for piggyback satellites. They clarify the kick motor’s AV required according to the target mission’s
transfer time and launch window requirements.

The launch window of a launch vehicle is not always set 24 hours a day but is limited to a specific period in general.
Therefore, piggyback spacecraft need to cope with that period every day. As an example of a daily launch window,

Arianespace’s piggyback launch service, Ariane Structure for Auxiliary Payloads [42]], guarantees a launch window of
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at least 45 minutes per day to allow for two launches each day. Figure[I9)shows how AV required to support a daily
launch window of 45 minutes changes as the flight time increases. Using ESOs reduced the required AV for any flight
time. In particular, for a total TOF of 2.5 years, the use of ESOs reduces AV by about 34% compared to the direct

transfer case. In contrast, according to previous studies, it is desirable to handle 9 hours launch window[21]]. Figure [20]
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Fig.20 Comparison of sensitivity analysis for each maximum TOF and each transfer sequence (AV vs. percentage
of days that allow “9-hour’’ launch window in one synodic cycle).

shows the percentage of launch days that can accommodate a launch window of 9 hours per day under a certain AV.
This figure compares the required AV by total flight time (2-6 years) and transfer methods (direct or via ESOs). For 2
years transfer, the AV of less than 5 km/s cannot be used for the entire launch day, even considering using ESOs because
the required energy is exceptionally high in some periods due to the relative position of Earth and Mars. However,
these figures show that the number of days handled under each AV increases significantly. For example, when the AV
is 2 km/s, a window of 9 hours cannot be maintained in the direct transfer case. However, by using ESOs, a window
can be maintained for all launch days for TOF of 5 years, and 15% of launch days for TOF of 2 years. Thus, an ESO
effectively reduces the required AV and expands the exploration opportunities even for quick transfers. Incidentally,
the cases where the maximum TOF is 5 years and 6 years are similar in each transfer. It can be due to the difference
in the maximum number of revolutions under the TOF set. For instance, increasing the maximum TOF by 0.5 years,
two revolutions are possible in 3.5 years or more, and three revolutions are possible in 5 years or more. Therefore, the
maximum number of them for 3, 4, and 5 years will be different from each other, and the energy required for departure
from the Earth will be greatly reduced in each other. However, for 6 years, it is same as for 5 years, so the options for
interplanetary trajectories will not increase much, and the AV will be almost the same.

In this section, the launch date and Q of GTO vary, and we compared the required AV between the direct transfer

case and using ESOs case. The required AV changed periodically as launch timing changed, which was common for the

20



direct transfer and using ESOs transfer, but its value is much smaller for almost all timing in the latter case. The point is
that an ESO effectively reduces AV even if the positional relationship between Earth and Mars (launch date) and the
launch site’s longitude or launch window (Q of GTO) changes. For example, covering all launch opportunities required
more than 5 km/s of AV for 5 years of direct transfer, but using ESOs reduces the required AV to 3.35 km/s. It also
enables Mars transfer at about 1.2 km/s, and a two-hour window is available every day for a launch period of more than
three months. The AV required to ensure a window of 45 minutes or 9 hours per day was also analyzed in this section.
It clarified the usefulness of an ESO even for relatively short TOFs such as the 2 years. The reduction in the required
AV of using ESOs is around 0.3 km/s to more than 2 km/s, which is sufficiently large even considering the ESO requires
a TCM of a few m/s to perform the Earth flyby. In addition to adjusting the Earth departure time via ESOs in this study,

it may be possible that the AV can be further reduced by using the lunar gravity assist in the future.

V. Response to the varying the launch condition
The launch date and Q were varied and analyzed in the previous section. We demonstrate that using ESOs can
mitigate the barriers to the interplanetary transfer caused by the positional relationship between the Earth and Mars
and the orientation of the GTO, and expand the launch opportunity. The remaining two orientation elements, w and i,
are varied for further analysis in this section. These two elements are also closely related to the launch conditions of

spacecraft, and this analysis shows that an ESO is beneficial for various launch conditions.

A. Relation between launch condition and GTO’s nature

GTO’s Q represents the location of the ascending node and is determined by the launch time. Therefore, we
simulated the change of launch time by varying the Q in the previous section. w indicates the perigee direction, mainly
determined by the orbit insertion time. Thus, w is related to the time between launch and orbital insertion. In the
northern hemisphere, orbital insertion is generally performed at the timing of the first equatorial passage after the launch
(descending node) to insert to the orbit in as short a duration as possible due to launch vehicle limitations. The argument
of perigee, the angle between the ascending node and the perigee, is thus often 180 deg. In contrast, we have to choose
w =0 deg in some cases. For example, depending on the mounting direction of the spacecraft sensor, the spacecraft may
be directly exposed to sunlight during the period between fairing separation and orbital insertion. Thus, we solve this
problem by adjusting the orbit insertion timing. For the changes in Q and w, the direction of GTO changes as shown in
Fig. [I5] The direction of perigee changes in the opposite direction depending on whether w is set to 0 deg or 180 deg.
Varying w is the same as varying Q by 180 deg. When we consider the transfer from GTO, if we use the local solar time
at the perigee as the reference, we can obtain the same result in both cases because there is no difference by the change
of w. Thus, this paper only shows 180 deg case, but the present method can be commonly used for any w.

In the following subsection, we focus on the effects of changing the launch site. The latitude of the launch site relate
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to i of the GTO. When we launch a rocket to the east, the launch site’s latitude theoretically becomes i of the GTO.
This paper assumes this situation and analyzes three different latitudes, to simulate multiple launch sites. The sites we
considered are enlisted in Table @[43 -47], and therefore in this study, we consider three cases such as 0, 30, and 45 deg.

The parameters other than inclination are the same as in Table[I]

Table 2 Latitude of several launch sites.

Country Location latitude

Kazakhstan Baikonur Cosmodrome 45°55°N
United States ~ Vandenberg Space Force Base 34°37°N
Japan Tanegashima Space Center 30°23’N

United States Cape Canaveral Space Force Station 28°33’N

French Guiana  Guiana Space Centre 5°3°’'N

B. Results

First, the required AV for maximum 5 years transfer are computed and shown in a contour plots for the launch date
and time (Figs. 21)and 22). In addition, Fig.[T6(b)|shows the results of direct transfer and Fig.[T7(b)| shows the results of
through ESOs transfer for i = 30 deg. The change of the planets’ positions with the launch date change is the same in
these cases, so all figures show similar contours. However, for direct transfer, the required AV varies greatly depending
on the inclination. For example, when the inclination was 45 deg, AV increased in all regions compared to the 0 deg
case. Thus, the higher the latitude of launch, the more energy is required for interplanetary transfer. The transfer via
ESOs reduces the required AV for many launch dates and times for both inclination cases. In addition, these contour
plots are more similar than those of the direct transfer case. Figure [23]shows the percentage of launch days that can
accommodate a launch window of 9 hours per day under a certain AV. This figure compares the required AV for a
maximum 5 years transfer by inclination (0, 30, or 45 deg) and for different transfer methods (direct or via ESOs).
Comparing the case of 45 deg and 0 deg of inclination, the difference in AV required to meet the window of 9 hours/day
was 0.4 km/s for using ESOs, and 1.3 km/s for direct transfer. Thus, there is a significant difference in the required AV
for direct transfer due to the difference in the inclination, whereas using ESOs reduced the difference. This difference in
transfer cost is because the ESOs provide multiple options to transfer from GTO, and it also allows selecting a suitable
orbit for launching from high latitude regions.

From our transfer analysis, AV is reduced by using ESOs even if the inclination of GTO changes; that means that
use of ESOs can reduce the required AV for launches from any region. Our method keeps its advantage in saving AV for
almost equatorial launch sites. Notably, transferring via ESOs is effective for launching from high latitudes regions such

as Baikonur Cosmodrome.
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Fig. 21 Comparison of the required AV variation with launch timing for each inclination of GTO (Direct
transfer).

VI. Conclusion

This paper proposed a trajectory design process via ESOs, a resonance orbit with the Earth’s orbit. Transfers using
ESOs enable the flexible trajectory connection of GTO and interplanetary trajectory. This method can select various
GTOs as the departing point and various celestial bodies as the arrival point, making it applicable to a wide range of
missions. In this research, we specifically have shown the usefulness of this method concretely by using the transfer
from GTO to Mars as an application. This method reduced AV required to transfer from GTO to Mars.

In the design process presented in this paper using ESOs, we first introduced the V,, diagram to extract initial
conditions for ESOs. In addition, we clarified the relationship between AV and V., at escape from GTO and formulated
it for effective computation to design the escape trajectories from GTO. Later we proposed the design process in this
study that can be used for transferring spacecraft between several GTOs and target bodies. The process can deal with
any velocity direction so that it is applicable to any celestial body, such as Mars or Venus. Note that the benefits of
Earth gravity assist for spacecraft may be small for distant planets with a large velocity norm required for departure
from Earth. In particular, we designed trajectories via ESOs from GTO to Mars as an example, which is expected to
have many opportunities for use in the future. After insertion into GTO, the required AV can be significantly reduced
compared to transferring directly to Mars by transferring through ESOs. For example, when the AV is 2 km/s, a window
of 9 hours cannot be maintained in the direct transfer case. However, by using ESOs, a window can be maintained for
all launch days for TOF of 5 years, and 15% of launch days for TOF of 2 years, meaning that an ESO extends the launch
opportunity. In addition, the analysis of changing the launch site shows that an ESO is effective for launches from any
launch site. Mainly, comparing the case of 45 deg and O deg of inclination, the difference in AV required to meet the

window of 9 hours/day every day is 0.4 km/s when using ESOs and 1.3 km/s when direct transfer. As a result of this
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Fig. 22 Comparison of the required AV variation with launch timing for each inclination of GTO (Using ESOs
transfer).

finding, we observe that an ESO is particularly useful for launches from high-latitude regions because it can mitigate the
disadvantage caused by GTO’s high inclination for direct transfer. Thus, the transfer method proposed in this study
shows that the required AV for transfer can be reduced compared to the direct transfer method even when the GTO’s
orientation element and the positional relationship with Mars change variously. To further reduce the required AV, it
will be important that future research investigate combining lunar gravity assist for increasing the transfer options.
There were two significant problems: the systematic method to connect GTO and interplanetary trajectory via ESOs
has not been established, and that lunar gravity assist can be used only for some launch periods. In this study, we have
focused on proposing an ESO-assisted trajectory design process and have clarified that the use of ESOs can reduce the
AV for many launch timing. Transferring via ESOs enables to launch at the timing when it was previously considered
unsuitable for missions or to reduce the size of the kick motor. Therefore, this study contributes to the expansion of deep
space exploration opportunities by piggyback nano-spacecraft. Moreover, these results provide valuable insights for

developing the propulsion system onboard a piggyback spacecraft and planning deep space missions in the solar system.
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Appendix A: Difference in trajectories for each synodic cycle.

In this study, the Earth and Mars are assumed to be circular orbits on the ecliptic plane. This assumption allows us
to avoid considering the actual date dependency and follow the global changes. However, it is concerned that the values
may differ from the real values. This section shows the difference between the circular orbit assumption and the real
model. As a “real” model, we used the ephemeris data of DE430 provided by JPL and designed a transfer trajectory
from Earth to Mars based on the actual positions of Earth and Mars. They are designed by considering only solar gravity

due to the Lambert problem. Figure[AT]shows the results of the 1.5 years transfer and the 4 years transfer with N = 0
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Fig. A1 Difference in the required C; for each synodic cycle and circular orbit assumption.

as examples. Each line shows the results for each synodic period, and the black line indicates ones for circular orbit
assumption. Day:1 of period:1 is set to December 2, 2022. The required energy (C3 = V2) varies significantly in each

cycle. Depending on the date, comparing energy at specific launch dates may result in more than twice as high as the
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estimated values. However, the results of the circular orbit seem to be close to the average of the real values. Besides,
the discrepancy between the approximate and real values is only about 30% when comparing the maximum/minimum
values. Thus, the global change is the same even with this approximation. Each cycle has a slightly different aspect, but
the difference can take as a case where the launch date is shifted by about 1-2 months. Therefore, we used the circular

orbit approximation in this study to obtain universal knowledge.

Appendix B: Trajectory design process of direct transfer

For comparison with the transfer using ESOs, this section presents the method of calculating AV of direct transfer. In
a direct transfer, the escape trajectory connects the interplanetary trajectories to the GTO. For interplanetary trajectories,
we use the same ones for using ESOs transfer. The spacecraft must achieve the departure velocity of the interplanetary
trajectory by a single maneuver. Altogether, there is only one choice of the V., to be achieved for one interplanetary
trajectory. As a result, in many cases, the orbital plane must be changed. Thus, unlike the GTO to an ESO transfer, the
out-of-plane maneuver is also considered in the analysis here. To satisfy the departure velocity of the interplanetary
trajectory at the edge of the Earth’s SOL, Eq. (BT)) shows the required AV to achieve the required velocity at escape from

the GTO[14]], where r is the initial position, and v is the initial speed on GTO.

2ug
AV =\ —+ V2 —vg (B1)

*  AV=2km/s
e AV=3km/s
AV=4km/s

0 x[km/s]

ylkm/s] “

Fig. B1 Database of escape trajectory for direct transfer.

In this way, only the escape trajectories which have a certain V., norm can be extracted (Fig. [BI). The obtained
escape trajectories are used as a database to determine whether the V., is to be achieved within this region, as in the

GTO-ESO connection. To make the database, AV is varied in increments of 0.1 km/s, and the «, § and starting point 6
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are varied for each AV. Here, the range of AV is between 0.8-5 km/s. The lower limit is the minimum speed required to
escape the Earth departing from the GTO’s perigee in a planar two-body problem. The velocity at the edge of Earth’s

SOl is calculated for each departing condition, and the minimum AV is found to achieve the target V...
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Appendix C: Relationship between interplanetary trajectory and Earth gravity assist

This section shows the relationship between interplanetary trajectories and the required AV. We use total 6 years
transfers via a 1-year ESO as an example. Here, the spacecraft has seven options to transfer from Earth to Mars. Figure
[CT] shows the characteristic energy C3 for each trajectory. The type in the figure refers to a long period for typel and a

short period for type2[38]. When the launch date is Day:185, trajectory A (N=3, type2) and trajectory B (N=0) have

C,[km’/s’]

185

3 I I I I I I I )
1 100 200 300 400 500 600 700 780
Launch Date (from Day:0) [days]

Fig. C1 (3 in each interplanetary trajectory (Maximum TOF: 6 years, 1-year ESO case).

smaller C3 in that order. The Vi, diagram for each trajectory is shown in Fig. [C2] In the former case, there are some

N B2 2 »
o S &5 3 &

)
S

Elevation §[deg]
Elevation d[deg]

IS
S

-60

(a) trajectory A (N=3, type2). (b) trajectory B (N=0)

Fig. C2 V. diagram for each interplanetary trajectory.

1-year ESOs that do not satisfy the flyby condition, but in the latter case, almost all 1-year ESOs satisfy the flyby
condition. In other words, trajectory A’s C3 is low, but there are few choices of ESOs to be connectable to this trajectory.
Figure [C3] shows the computation result of the required AV. The GTO orbital elements are set i = 30 deg, w = 180
deg, and Q = 1 — 360 deg. In the range 94-280 deg, the required AV for trajectory A is smaller than that of trajectory
B, but in the other cases, it increases significantly. If the number of ESO options is small, large velocity changes are

unavoidable. Therefore, it is desirable to consider many interplanetary trajectories, not only those with the minimum Cs.
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Appendix D: Formulation of V, region during escape from GTO

This appendix shows formulating process of the V,, region as a function of AV. First, the AV was varied in
increments of 0.005 km/s, and the outlines of each region were represented in a polar coordinate system and fitted as a
seventh-order Fourier series[48]]. This fitting was performed by Curve Fitting Toolbox in MATLAB. Here, we found
that the spacecraft did not have sufficient escape velocity depending on the point of departure from the GTO when the
AV was less than 2.7 km/s. It is due to the low velocity of the spacecraft on the apogee side of the GTO. Therefore, we
divided the equation with 2.7 km/s as the boundary (Eq. (DI))) and set the range of 6 (Eq. (D2)). Then, based on the
equations for each AV, coefficients a, b, frequency f, and the range of 8 were fitted as a fifth-order Fourier series using
the same procedure (Eq. (D3))), where Tables [D]] show the coefficients A, B and frequency g. The origin of this

coordinate system is set to (-1, 0.1) because the shape becomes distorted at lower velocities.

7
ap + Z {ancos (nf) + bysin (n)}  27<AV <5

R = (D1)
ap + Z {an cos (fn) + by sin (fnd)} 0.85 <AV <2.7
n=1
0<6<2n 27<AV LS
(D2)

Omin < 0 < Omax  0.85 < AV < 2.7
5

aop, an, bn’ f, Hmina Hmax = AO + Z {Am COos (gmAV) + Bm sin (gmAV)} (D3)

m=1
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Table D1 Formula coefficients of region (AV = 2.7-5 km/s)[1/2]

Ao A B Az B, A3
ap -1.72E+06 2.19E+06 1.85E+06 -2.83E+05 -1.63E+06 -3.17E+05
a; -1.89E+08 2.82E+08 1.42E+08 -1.07E+08 -1.46E+08 1.14E+07
by -441E+07 0.00E+00 2.81E+08 1.20E+08 -2.89E+08 -1.14E+08
a; -4.84E+06 6.44E+06 4.89E+06 -1.25E+06 -4.49E+06 -6.57E+05
by -1.84E+07 2.62E+07 1.60E+07 -8.09E+06 -1.57E+07 -4.87E+05
as -3.32E+05 3.89E+05 3.96E+05 6.10E+03 -3.21E+05 -8.92E+04
by -245E+05 2.74E+05 3.05E+05 2.55E+04 -2.37E+05 -7.45E+04
as -5.40E+05 6.63E+05  6.13E+05 -4.07E+04 -5.20E+05 -1.24E+05
by -147E+03 -2.26E+03 1.04E+03 -9.75E+02 1.13E+03 -1.69E+02
as -2.06E+07 198E+07 -2.81E+07 6.67E+06 1.86E+07 -7.23E+06
bs -2.48E-01 4.76E-01 -1.05E-01 -3.21E-0l 1.31E-01 1.61E-01
ag -3.29E+01 -4.88E+01 -2.85E+01 -1.74E+01 -3.09E+01 3.26E-01
be -3.11E-01  5.12E-01 -2.53E-01 -2.24E-01  3.23E-01 2.25E-02
a; -2.09E-03  5.26E-03 1.06E-02 3.40E-03 3.25E-03 1.95E-03
b7 -2.20E-02 -1.64E-03 1.37E-03 -9.99E-04 8.14E-04 2.76E-04
Table D2 Formula coefficients of region (AV = 2.7-5 km/s)[2/2]
B3 Ay By As Bs 8

ap S5.43E+05 1.34E+05 -4.82E+04 -1.37E+04 -5.08E+03  1.06E-01
a; 6.74E+07 4.53E+06 -1.47E+07 -1.08E+06 1.12E+06  7.03E-02
by 1.34E+08 4.36E+07 -2.85E+07 -6.25E+06 1.93E+06  3.85E-02
ay; 1.65E+06 3.45E+05 -2.07E+05 -4.11E+04 -4.50E+03 9.74E-02
b, 6.69E+06 8.81E+05 -1.23E+06 -1.42E+05 6.06E+04  8.23E-02
as; 8.42E+04 2.80E+04 1.08E+03 -1.95E+03 -2.14E+03 1.19E-01
bz 5.37E+04 2.07E+04 4.51E+03 -1.10E+03 -1.94E+03 1.29E-01
as 1.57E+05 4.50E+04 -7.09E+03 -3.92E+03 -2.63E+03 1.11E-0O1
by 5.87E+02 2.29E+01 1.51E+02 9.84E+00 1.50E+01  6.97E-01
as -2.00E+06 1.31E+06 -1.08E+06 1.30E+04 1.73E+05 -2.47E-01
bs -1.04E-01 -5.62E-02  5.35E-02 1.17E-02  -1.47E-02  1.55E+00
ag -1.56E+01 2.32E+00 -3.71E+00 5.33E-01  -2.68E-01  9.29E-0O1
be -2.03E-01 2.62E-02  6.82E-02 -9.53E-03 -9.63E-03 1.47E+00
a7 7.28E-04  1.66E-03 1.69E-04 7.07E-04 5.82E-04  2.28E+00
b7 -7.95E-04 -4.68E-04 4.08E-04 -4.79E-04 6.66E-04  2.74E+00
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Table D3 Formula coefficients of region (AV = 0.85-2.7 km/s)[1/2]

Ap Ay B Ay B, Az

aop 2.54E+00 1.37E+00 -1.10E+00 1.03E+00 1.63E-01  4.52E-01
aj -8.48E-01  -8.19E-01  5.15E-01 1.85E-02  -5.22E-06 -4.85E-03
by 2.57E-01 1.07E+00  9.57E-01  -1.06E-01  3.08E-01 -1.10E-01
a -1.05E-01 -3.98E-02 -4.64E-01 -9.39E-02 -2.88E-01 1.02E-01
by -9.83E-02 -3.28E-01 -1.50E-01 -1.25E-01 9.77E-02  2.33E-03
as -1.22E-02  1.04E-02  -1.04E-02  8.37E-02  6.46E-02  3.55E-02
b3 -2.36E-03  1.86E-02  -2.83E-02 9.12E-02 -5.82E-02  2.73E-03
as -1.98E-02  1.87E-03  -2.61E-02 6.99E-03  1.35E-02 -4.79E-02
by 8.32E-04  -8.10E-03  7.04E-03  -5.11E-03 -4.35E-03 5.41E-02
as -3.73E-02  -2.76E-02 -6.17E-02  2.70E-02 -2.80E-02 1.01E-02
bs 6.23E-03 2.74E-03 1.61E-02  -1.34E-02  8.15E-03  -1.06E-02
aeg -9.58E-03  4.72E-03  -1.32E-02 2.78E-03  1.48E-02 -2.23E-02
be 2.84E-03  -449E-03 -8.38E-04 5.82E-03 -9.00E-03  1.82E-02
as -1.76E-03  5.44E-03  -2.09E-03 -1.09E-03  5.71E-03  -5.38E-04
by -1.65E-03  3.59E-03 8.11E-04  2.32E-03 -1.56E-03 -2.05E-03

f 1.64E+00 -1.96E-01  5.27E-01 -2.85E-01 2.07E-01 -2.21E-01
Omin  1.99E+05 -2.10E+05 -2.60E+05 -4.07E+04 1.90E+05 6.70E+04
Omax -8.32E+07  0.00E+00 -5.01E+08 2.26E+08 5.09E+08 -2.12E+08

Table D4 Formula coefficients of region (AV = 0.85-2.7 km/s)[2/2]

Bj Ay By As Bs g

agp 3.53E-01 4.25E-02 1.89E-01  -4.64E-02  6.80E-02  2.01E+00
aj 7.19E-03 1.64E-03 1.34E-02  -9.83E-03  2.00E-02  2.78E+00
by 4.17E-02  7.87E-02  -2.90E-02  7.16E-02 3.28E-03  2.74E+00
a -1.28E-02  -1.53E-03 3.99E-03 -147E-03 -2.13E-02 2.78E+00
b; -470E-02  -396E-02 -3.09E-02 -1.20E-02 -2.48E-02 2.81E+00
as 9.13E-03  -2.84E-02  4.26E-03  -2.16E-03  -5.54E-03  3.12E+00
b3 -3.79E-02  5.41E-03 248E-02  -1.01E-02  5.64E-03  3.16E+00
as 4.20E-02 -3.40E-03  2.12E-03 2.69E-03  -1.21E-02  3.20E+00
by 5.93E-03 2.12E-02  -2.04E-03 -1.21E-02  1.51E-02  3.09E+00
as 3.24E-02  -1.49E-02 2.06E-02 -390E-02 -1.49E-02 2.53E+00
bs 1.23E-02  -4.16E-04 -6.72E-03  -2.85E-02 -2.26E-03  2.68E+00
ae 2.06E-03 4.58E-03  -4.69E-03  1.65E-02  -7.14E-03  3.28E+00
be 1.23E-02  -2.17E-03  5.29E-03  -1.92E-02 -9.61E-03  3.20E+00
ar -8.35E-03  9.16E-03  -3.68E-03 -7.53E-03  6.20E-03  3.36E+00
b7 8.59E-03 6.41E-03  -1.32E-04  6.26E-03 3.81E-03  4.08E+00

f -1.33E-02  -346E-02 -9.89E-02 3.28E-02 -5.26E-02  2.32E+00
Omin -341E+04 -1.59E+04 -7.08E+03 4.82E+02 1.78E+03  4.92E-01
Omax -2.29E+08 8.04E+07 4.61E+07 -1.13E+07 -2.60E+06 -1.60E-01
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