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Abstract

DESTINY+ is an upcoming JAXA Epsilon medium-class mission to fly by the Geminids meteor shower parent body (3200)
Phaethon. It will be the world’s first spacecraft to escape from a near-geostationary transfer orbit into deep space using a low-
thrust propulsion system. In doing so, DESTINY+ will demonstrate a number of technologies that include a highly efficient ion
engine system, lightweight solar array panels, and advanced asteroid flyby observation instruments. These demonstrations will
pave the way for JAXA’s envisioned low-cost, high-frequency space exploration plans. Following the Phaethon flyby observation,
DESTINY+ will visit additional asteroids as its extended mission. The mission design is divided into three phases: a spiral-
shaped apogee-raising phase, a multi-lunar-flyby phase to escape Earth, and an interplanetary and asteroids flyby phase. The main
challenges include the optimization of the many-revolution low-thrust spiral phase under operational constraints; the design of
a multi-lunar-flyby sequence in a multi-body environment; and the design of multiple asteroid flybys connected via Earth gravity
assists. This paper shows a novel, practical approach to tackle these complex problems, and presents feasible solutions found within
the mass budget and mission constraints. Among them, the baseline solution is shown and discussed in depth; DESTINY+ will
spend two years raising its apogee with ion engines, followed by four lunar gravity assists, and a flyby of asteroids (3200) Phaethon
and (155140) 2005 UD. Finally, the flight operations plan for the spiral phase and the asteroid flyby phase are presented in detail.

Keywords: DESTINY+, Low-Thrust Trajectory, Gravity Assist, Asteroid Flyby, (3200) Phaethon

1. Introduction

Low-cost and high-frequency missions are revolutionizing
deep space exploration. To advance the deep space exploration
technologies that enable such missions, JAXA is developing the
DESTINY+ (Demonstration and Experiment of Space Tech-
nology and INterplanetary voYage, Phaethon fLyby and dUst
Science) mission[1]. DESTINY+ will be launched by the low-
cost Epsilon S launch vehicle in the mid-2020s. Epsilon S has
the capability to insert the spacecraft into a near-geostationary
transfer orbit. The spacecraft will raise its orbit by means of
solar electric propulsion in a spiral-shaped trajectory that will
take it to deep space. DESTINY+ is the world’s first mission to
escape from a near-geostationary transfer orbit into deep space
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using a low-thrust propulsion system. This will be accom-
plished by highly-efficient solar electric propulsion employing
an upgraded version of the µ10 ion thruster mounted on the
Hayabusa2 spacecraft[2, 3, 4], as well as light-weight, high-
efficiency solar array panels. A simplified prototype of the lat-
ter was used briefly on the technology demonstration satellite
RAPIS-1 in 2019. The demonstration of these solar electric
propulsion integrated with solar array systems is among the
technological objectives of DESTINY+. For its nominal sci-
ence mission, the spacecraft will perform a high-speed flyby
observation of the active asteroid (3200) Phaethon, the parent
object of the Geminids meteor shower[5]. As an extended mis-
sion, multiple other asteroid flybys are currently under consid-
eration.

The DESTINY+ mission design involves the technical chal-
lenges of low-thrust many-revolution trajectory optimization
under a multi-body dynamical system. To tackle the com-
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plex trajectory design, we divide the entire mission into three
phases: the Spiral Orbit-Raising (SOR) phase, the Moon Flyby
(MFB) phase, and the Interplanetary Transfer (IPT) phase. The
SOR trajectory design needs to optimize a low-thrust many-
revolutions trajectory considering the system constraints[6, 7,
8]. ESA’s SMART-1 mission also relied on spiral orbit raising
to insert the spacecraft into orbit around the Moon[9]. How-
ever, DESTINY+’s case has additional difficulty in that it must
perform a series of lunar flybys at the right time to achieve the
desired escape conditions. The MFB exploits multi-body grav-
itational effects of the Sun, Earth, and Moon to increase the
escape energy from the Earth efficiently[10, 11]. The multi-
lunar-flyby trajectories have been employed for the interplane-
tary transfer in past missions such as JAXA’s Nozomi[12] and
NASA’s STEREO[13]. However, the systematic design meth-
ods have not been established yet[14, 15]. Also, DESTINY+

involves a new challenge to connect the IPT trajectory and the
SOR trajectory by the moon flybys. In the IPT, the spacecraft
will fly by multiple asteroids utilizing low-thrust maneuvers
and Earth gravity assist maneuvers[16, 17, 18]. NASA’s CON-
TOUR mission[19] would have employed multiple Earth grav-
ity assists to visit multiple small bodies. NASA’s Lucy mis-
sion, launched in 2021, also plans to use several Earth grav-
ity assists to visit multiple Jupiter trojans[20, 21]. DESTINY+

equips a low-thrust propulsion system with larger maneu-
verability, making the trajectory design more complex. Al-
though previous studies tackled some parts of the trajectory
design[6, 7, 14, 15, 16, 17], the overall mission design and its
methodology that patches all segments together have not been
reported yet.

This paper presents the mission design and flight operation
overview of the DESTINY+ mission, thoroughly explaining
the trajectory design approach for each phase. More in de-
tail, in the SOR we implement a multi-objective evolutionary
algorithm that minimizes flight time, fuel consumption, and the
duration of the longest eclipse subject to system and operation
constraints. In the MFB, we generate a Moon flyby trajectory
database under a high-fidelity dynamical system, where these
are obtained via backward propagation from the escape condi-
tions until crossing the SOI of the Moon. In the IPT, we intro-
duce the trajectory design method of asteroid flyby cyclers[18]
to generate initial guess trajectories and then perform low-thrust
optimization to translate them to full ephemeris. After dis-
cussing of each phase of the mission, the results of the opti-
mized end-to-end low-thrust trajectory under a multi-body dy-
namical system are shown. This paper also shows a preliminary
planning of the flight operation, particularly for the SOR phase
and the Phaethon flyby segment of the IPT. Detailed operation
analyses, including navigation analyses, planetary protection
analyses, and missed thrust analyses[22, 23], are not presented
in this paper.

The paper is therefore structured as follows: in Section 2,
we show an overview of the mission and the spacecraft, along
with requirements and specifications on the operations and the
spacecraft systems; in Section 3, we describe the results of the
current baseline mission design; in Section 4, we present our
trajectory design approach for each phase and a patched trajec-

tory; finally, in Section 5, we discuss the flight operation plan
and summarize the practical issues involved.

2. DESTINY+

2.1. Mission Objectives

DESTINY+ is an engineering and science mission with dis-
tinct but complementary objectives in both disciplines. In line
with JAXA’s vision to realize low-cost and high-frequency deep
space exploration utilizing small launch vehicles and high-
performance deep space probe platforms[24], DESTINY+ will
demonstrate several necessary space technologies.

The primary engineering objectives include 1) to develop
spaceflight technologies using electric propulsion and expand
the range of its utilization, and 2) to expand the opportuni-
ties for small body exploration by acquiring advanced asteroid
flyby exploration technologies. DESTINY+ will perform spiral
apogee-raising and multiple lunar gravity assists in order to es-
cape the Earth efficiently, and will then employ low-thrust and
Earth gravity-assist maneuvers to fly by multiple asteroids. The
spacecraft also demonstrates various advanced hardware tech-
nologies, namely an upgraded Ion Engine System (IES), thin-
film light-weight Solar Array Panels (SAPs), advanced thermal
control devices[25], and high-performance miniaturized com-
ponents. The demonstration of these astrodynamics methods
and spacecraft systems will allow for their use in future deep
missions utilizing low-cost launch vehicles.

The primary scientific objectives are 1) to obtain better esti-
mates of the physical properties (velocity, arrival direction, and
mass distribution) and chemical composition of meteoroidal
and interplanetary dust brought to Earth, and 2) to understand
the geology and the dust ejection mechanism of the active as-
teroid (3200) Phaethon[26, 27]. Phaethon is the parent body
of Geminid meteor shower[28, 29] and recurrently ejects dust
near the Sun[30, 31]. We plan to fly by Phaethon and other
small bodies, including the asteroid (155140) 2005 UD, which
is a possible break-up body from Phaethon[5, 32], as a part of
the extended mission.

2.2. Spacecraft System Overview

DESTINY+ is a 480 kg spacecraft with 60 kg of Xe propel-
lant, capable of providing 4 km/s ∆V by IES. The dry mass and
the propellant mass are defined by multi-objective optimiza-
tion, taking into account the launch capability of the Epsilon S
launch vehicle[33, 34, 35]. The current baseline configuration
of the spacecraft is shown in Fig. 1, and the baseline specifica-
tions of the spacecraft systems are presented in Table 1.

Nominal scientific observations are carried out during the
Phaethon flyby at a maximum relative velocity of 36 km/s and a
nominal closest approach distance of 500 km from the surface.
The spacecraft is equipped with three scientific instruments to
observe the surface properties of Phaethon and other potential
targets. They will also observe the physical and chemical prop-
erties of the dust they produce. Two onboard cameras, a Tele-
scopic Camera for Phaethon (TCAP) and a Multi-band Camera
for Phaethon (MCAP)[36], will perform optical observations
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during flybys. The former uses a single-axis motor to drive the
telescope mirror to follow the target, whereas the latter has no
moving parts and has a wide field of view. TCAP is also used
as an optical navigation sensor to improve the accuracy of or-
bit determination during the flyby. The spacecraft will study
the asteroid’s dust ejection processes[5], as well as the proper-
ties of interplanetary dust throughout its journey in space. The
DESTINY+ Dust Analyzer (DDA), developed by the Univer-
sity of Stuttgart, counts the dust collected along with its impact
state[37].

Figure 1: DESTINY+spacecraft overview.

3. Baseline Mission Design

This paper presents the comprehensive mission design
through all mission phases, including the extended mission. We
first clarify the definition of mission phases, present the mission
design options, and show the one that is selected as the baseline
trajectory.

In this study, we use JPL DE430 ephemerides to obtain the
state vectors of the planets and Moon as well as the SPICE
generic kernels pck00010.tpc, gm de431.tpc, and naif0012.tls
for the other astrodynamics parameters. The orbital elements
of the asteroids at their corresponding flyby epoch are obtained
from JPL Horizon’s online query system (as of November 30,
2021).

3.1. Mission Phases
We divide the entire mission into several phases for the con-

venience of the operation studies. Figure 2 shows the definition
and approximate duration of these phases. For mission design
purposes, the Phaethon flyby is included in the interplanetary
transfer phase.

The three phases of the mission are the following:

1. Spiral Orbit-Raising phase (SOR): From launch to the first
Moon flyby.

2. Moon Flyby phase (MFB): From the first Moon flyby to the
exit of the Earth’s SOI.

3. Interplanetary Transfer phase (IPT): From the exit of the
Earth’s SOI to the end of the mission.

Table 1: DESTINY+ specifications

Spacecraft

Initial mass (wet) 480 kg
Power generated 2.6 kW @ EOL

thin-film lightweight SAP
single-axis gimbal

Battery capability Eclipse duration < 90 min.
Attitude control 3-axis stabilization
Lifetime > 6.2 years

Ion Engine System

Thrust 40 mN (4 units in operation)
36 mN (3 units in operation)

Specific impulse Isp 3,000 s
Propellant mass approx. 60 kg

Scientific Instruments

TCAP 1-axis rotatable telescope
Bandwidth λ = 400 to 800 nm
FOV 0.80 deg×0.80 deg
Image sensor pixel 2048×2028

MCAP Multiband camera
Bandwidth λ = 425/550/700/850 nm
FOV 6.5 deg×6.5 deg
Image sensor pixel 2048×2028

DDA Dust analyzer
Measurement range 10−16 to 10−6 g

Launch Conditions

Launcher Epsilon S with kick stage
Perigee/Apogee altitude 230 km/37,000 km
Inclination 31 deg
Nominal launch window 2024 Jul-Sep

3.2. Mission Options

This subsection discusses the mission design options consid-
ering different launch dates and different flyby sequences. The
detailed trajectory design approach is instead explained in the
next section.

Our target asteroids, Phaethon and 2005 UD, have highly
inclined elliptical orbits. The preliminary analyses[17] found
that DESTINY+ can perform flybys in the vicinity of either the
descending or ascending point of the asteroid’s orbits. Note
that one of the nodes is located inside Mercury’s orbit, which is
difficult to access with the spacecraft’s propulsive capabilities,
while the other node is in the proximity of Earth orbit, making
it the perfect candidate node for a flyby. Figure 3 plots the ac-
cessible descending and ascending nodes of Phaethon and 2005
UD nodes for the next few decades in the Sun-centered, Sun-
Earth line fixed rotational frame. Due to communication re-
quirements that constrain the Earth distance, flybys of Phaethon
are possible either in January 2028 or November 2030.

Figure 4 depicts the mission scenario tree for representative
launch dates and flyby sequences. The case IDs correspond to
the those of the IPT trajectories in defined in Section 4.2. Due to
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Figure 2: Mission scenario of DESTINY+.

Figure 3: Flyby opportunities to Phaethon (solid line) and 2005 UD (dashed
line) in the Sun-centered, Sun-Earth line fixed rotational frame.

the constraints of the spacecraft development schedule and the
availability of the launch site, the nominal launch window is
between July and September 2024, the earliest possible launch
date. If the development schedule is delayed, additional launch
windows are available in 2025, 2026, and 2027 (Japanese fiscal
years, running from April through March of the next natural
year).

Cases #1, #3, and #5 are the only solutions that allow the
spacecraft to visit both Phaethon and 2005 UD, perform the
Earth flyby after 2005 UD, and then fly by various asteroids
later. For the additional launch window cases, including Case
#2 and #4, we must choose either stopping by 2005 UD or visit-
ing more asteroids. Among Cases #1, #3, and #5, Case #1 is not
a realistic solution considering the SOR operation, and Case #3
is the earliest option among the realistic solutions. Therefore,
Case #3 is selected as the baseline scenario.

3.3. Baseline Trajectory
Figures 5 and 6 illustrate the baseline trajectory (Case #3),

and Table 2 describes the sequence of events along this base-
line trajectory. In this baseline trajectory, DESTINY+ spends
2 years and consumes about 80% of the propellant in the SOR,

performs 4 Moon flybys achieving the Earth escape V∞ of 1.624
km/s, flies by Phaethon on January 4 in 2028 in the nominal
mission, and visits 2005 UD and more asteroids in the ex-
tended mission. Some deviation from the baseline trajectory
is expected in the presence of uncertainties that originate from
navigation errors and missed thrust, particularly in the SOR. As
shown in the spacecraft masses and the event date and time in
Table 2, we currently allocate large fuel consumption (46.8 kg)
with long time of flight (25 months) in the SOR including mar-
gins for uncertainties. Because we assign the forced coast pe-
riod, we set an IES duty cycle of 100% in the nominal trajectory
design of the SOR; in the nominal trajectory of the IPT, we im-
pose an IES duty cycle of 80% without a forced coast period.

4. Trajectory Design Approach

This section presents the trajectory design approach for each
phase, followed by the optimization of the complete low-thrust
trajectory in the full ephemeris model. This model considers
the gravities of the Earth, Moon, Sun, Venus, Mars, and Jupiter,
obtained from the JPL DE430 model. Solar radiation pressure
and higher order effects of Earth’s and Moon’s gravity are not
taken into account. Figure 7 summarizes the design procedure,
which is structured as follows: first, the SOR and IPT trajec-
tories are generated separately; after designing the IPT trajec-
tory, the MFB trajectory is obtained by propagating backward
the initial conditions of the ITP segment up to the possible en-
counter with the Moon; finally, the first Moon flyby conditions
of the SOR and MFB trajectories are compared to find a suitable
pair that should be optimized.

The three phases are presented in the order they are designed.
That is, the SOR and IPT are presented first, and the MFB
is discussed afterwards. Although the MFB phase takes place
chronologically in between the SOR and IPT, it is designed last
because the multi-flyby trajectory is chosen following the con-
straints at the interfaces with the SOR and IPT. The following
sections describe the details of each process.

4.1. Spiral Orbit-Raising Phase
The SOR trajectory design significantly impacts the space-

craft system design, including radiation tolerance, power bud-
get during eclipses, lifetime, and IES ∆V budget. In the prelim-
inary analyses, we apply a Multi-Objective Evolutionary Al-
gorithm (MOEA)[6] to the entire SOR trajectory considering
the radiation environment, eclipse duration, time of flight, and
fuel consumption. The result showed that the trajectory could
be divided into three sub-phases for an enhanced optimization.
The first sub-phase, SOR-1, is coasting for the initial checkout
operation and is expected to last 30 days. In the second sub-
phase, SOR-2, we continuously operate the ion engine except
during the eclipse period so that DESTINY+can escape from
the radiation belt (altitude < 20,000 km) as quickly as possi-
ble. In the third sub-phase, SOR-3, we initiate coasting arcs
in order to reduce the fuel consumption and design low-thrust
many-revolution trajectories. To solve the SOR-3 problem, we
employ an averaging method to propagate the low-thrust many-
revolutions trajectory[38] with the MOEA under three objective
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Figure 4: Mission scenario tree of DESTINY+.

Table 2: Sequence of events in the baseline trajectory. Velocity values are with respect to their corresponding gravity assist or flyby bodies.

Date and time (UTC) Event Spacecraft mass m (kg) V∞ (km/s) Vrel (km/s)

2024 JUL 01 17:00:00 Launch 480.0 -
2025 FEB 23 13:47:51 Escape from radiation belt 455.9 - -
2026 AUG 14 05:56:53 Moon flyby #1 433.2 0.9761 -
2026 SEP 11 03:37:26 Moon flyby #2 433.2 1.0551 -
2026 SEP 25 07:30:42 Moon flyby #3 433.2 1.0457 -
2026 NOV 26 09:40:12 Moon flyby #4 433.2 1.3843 -
2026 NOV 27 04:41:19 Earth closest approach 433.2 1.6240 -
2028 JAN 04 10:34:03 Phaethon flyby 422.9 - 33.7923
2028 MAY 18 00:47:28 Earth flyby 421.7 2.5260 -
2028 NOV 11 23:57:11 2005 UD flyby 421.7 - 23.7479
2032 MAY 17 07:43:53 Earth flyby 421.7 2.5454 -

functions: time of flight, IES fuel consumption, and duration of
the longest eclipse. The spacecraft will experience a number
of eclipses throughout this phase; the duration of the longest
eclipse is minimized.

In the SOR-3 trajectory design, we split the trajectory into
ten segments with the same duration and apply the control pol-
icy defined by the design parameters (∆Lp,∆La,η) defined by
true anomaly, as shown in Fig. 8 for each segment. That is,
the spacecraft accelerates when its true anomaly is in the range
of [−∆Lp +η ,∆Lp +η ] and [π −∆La +η ,π +∆La +η ]. The
perigee thrusting arc changes the apogee altitude, the apogee
thrusting arc changes the perigee altitude, and η will change
the major axis direction which helps avoiding eclipses. In the
thrusting arcs, the thrust direction is constrained to the tangen-
tial direction[38]. The IES acceleration stops during the eclipse.

Table 3 summarizes the objective function, design parame-

ters, terminal boundary condition, and propagation condition
of MOEA. Figure 9 shows one example trajectory where the
time of flight is 534 days and fuel consumption is 45.239 kg.

Figure 10 illustrates the trade-off between the time of flight
and propellant consumption for different IES thrust magni-
tudes. In these figures, the propellant consumption is between
42 kg and 48 kg, while the onboard propellant mass is 60 kg.
Comparing Figs. 10a and 10b shows that the change IES thrust
magnitude is less sensitive to propellant consumption, but more
sensitive to time of flight. Although the spacecraft is capable of
40 mN IES operation, to increase the robustness against uncer-
tainties we also design the trajectory with various thrust mag-
nitudes, including 36 mN, and ensure sufficient timing margin
(more than several months) until the first Moon flyby.

Figure 11 plots the feasible launch windows for different IES
thrust magnitudes, with contours of the maximum eclipse dura-
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Figure 5: Baseline near Earth trajectory of DESTINY+ in the Earth-centered
ECLIPJ2000 inertial frame.

Figure 6: Baseline interplanetary trajectory of DESTINY+ in the Sun-centered
ECLIPJ2000 inertial frame.

Figure 7: Trajectory design approach overview.

tion. These figures indicate that DESTINY+can be launched on
any day as long as the maximum eclipse duration allowed is 1.5
hours, which is within the design specifications of the battery
capacity.

Figure 8: Design parameters of spiral trajectory.

Table 3: SOR-3 multi-objective evolutionary algorithm settings.

Objective function
1. Minimize the time of flight
2. Minimize the fuel consumption
3. Minimize the longest eclipse duration

Design parameters
1. Perigee thrust arc ∆Lp,i, i ∈ {1,2, ...,10}
2. Apogee thrust arc ∆La,i, i ∈ {1,2, ...,10}
3. Asymmetric angle ηi, i ∈ {1,2, ...,10}
4. Launch date d0 and launch time t0

Terminal boundary condition
The ascending or descending node radius w.r.t.
Moon orbital plane is more than 385,000km altitude.

Propagation condition
1. Thrust direction is along velocity direction
2. Ion engine is suspended during eclipse

4.2. Interplanetary Transfer Phase

In the interplanetary transfer phase (IPT), we first design
the Earth-Phaethon-Earth trajectory, which is necessary to ac-
complish the nominal mission, and then extend the trajec-
tory for flybys of multiple small bodies. We assume a zero-
radius SOI patched-conics model and employ asteroid flyby
cyclers[20, 18], a special case of free-return cyclers[39], to
solve the IPT trajectory design problem. Free-return cyclers
are periodic trajectories that shuttle a spacecraft between two or
more celestial bodies, in our case, the Earth and asteroids. We
design asteroid flyby cyclers using Earth free-return trajectories

Figure 9: Example of the SOR trajectory (IES thrust magnitude= 40 mN).
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(a) IES thrust magnitude = 36mN

(b) IES thrust magnitude = 40mN

Figure 10: Spiral trajectories.

(a) IES thrust magnitude = 36mN

(b) IES thrust magnitude = 40mN

Figure 11: Launch window in SOR.
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and patch them together with Earth gravity-assist maneuvers.
To design the Earth-asteroid-Earth trajectory, we first gener-

ate the Earth free-return trajectories[39, 40] for a given Earth
departure epoch and V∞ magnitude. We then solve two con-
secutive Lambert’s problems[41], one from the Earth to the as-
teroid and the other from the asteroid to the Earth, to create the
initial guess trajectories for the trajectory optimization. We per-
form a grid search by repeatedly solving Lambert’s problems by
changing the asteroid flyby epoch and fixing the initial and final
epochs at the Earth flybys to those of the free-return trajectory.
In the grid search, we evaluate the sum of two ∆V s; the first ∆V
is the difference between the allowable V∞(≤ 1.5 km/s) and the
initial velocity of the first Lambert’s problem, and the second
∆V is the difference between the initial velocity of the second
Lambert’s problem and the final velocity of the first Lambert’s
problem. We store the results as the initial guess if the total
∆V is less than a threshold, which is set to 10km/s in our study.
Using the initial guess, we solve the three-phase trajectory op-
timization problem under the MGA-1DSM model[42, 18] and
then under the low-thrust model[43] in the case of ∆V ≤ 2 km/s
in the MGA-1DSM model. The objective functions are the total
∆V and the propellant consumption, respectively. Figure 12 il-
lustrates the details of the low-thrust trajectory optimization via
a direct multiple shooting method.

Figure 12: Formulation of low-thrust multiple shooting trajectory design

In the IPT trajectory design, we assume that the maximum
Earth departure V∞ is 1.5 km/s, the remaining mass is 430 kg,
the IES thrust magnitude is 24 mN (two units in operation),
with the additional 80% duty cycle to improve the robustness
against missed-thrust, and Phaethon flyby occurs on either Jan-
uary 2028 or November 2030. Figures 13a and 13b show pos-
sible Earth-Phaethon-Earth transfer solutions. The result shows
that, for the Jan 2028 Phaethon flyby case, the solution with
∆V of less than 1 km/s (in the low-thrust model) exists at any
time until the departure from Earth in June 2027. We select 10
representative solutions with short flight time and small ∆V (<
1 km/s) and illustrate the trajectories in Fig.14 where the case
IDs correspond to those in Fig. 4.

Applying the same technique to design the asteroid flyby cy-
clers for the 2005 UD flyby, we can also find the Earth-2005
UD-Earth transfer solutions. As the result, we found the Earth-
Phaethon-Earth-2005 UD-Earth solutions for Cases #1, #3, #5,
where a 4:3 free-return transfer is used for the Earth-2005 UD-

(a) Phaethon flyby in Jan 2028

(b) Phaethon flyby in Nov 2030

Figure 13: Earth-Phaethon-Earth trajectory design solutions.
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(a) Case #1, 2:2 full (b) Case #2, 2:2 full

(c) Case #3, 1:1 generic (d) Case #4, 1:1 generic

(e) Case #5, 1:1 full (f) Case #6, 4:4 full

(g) Case #7, 3:3 full (h) Case #8, 4:4 full

(i) Case #9, 3:3 generic (j) Case #10, 3:3 full

Figure 14: Representative IPT trajectories (Earth-centered, Sun-Earth line fixed
rotational frame. Black solid line denotes Phaethon trajectory. Blue solid line
describes DESTINY+trajectory. Red arrow indicates thrust vectors.)

Earth arc. Figures 15 and 16 show the example interplanetary
trajectory of Case #3. Utilizing the asteroid flyby cyclers design
method that relies on deep neural networks[18], we can also
design some trajectories that allow for visiting multiple targets
with a relatively small amount of ∆V (∆V < 1 km/s in the ex-
ample), as shown in Figs.17 and 18. DESTINY+can visit these
targets if it leaves enough propellant after a successful nominal
mission.

Figure 15: Example interplanetary trajectory (Sun-centered, ECLIPJ2000 iner-
tial frame)

Figure 16: Example interplanetary trajectory (Earth-centered, Sun-Earth line
fixed rotational frame)

4.3. Moon Flyby Phase
After the SOR and before the IPT, DESTINY+ will rely on

a number of lunar flybys to escape from the gravitational influ-
ence of the Earth and proceed to the interplanetary phase.

The design of this phase is performed backwards in time. The
interface with the IPT consists of the Earth departure V∞ vector
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Figure 17: Example of multiple asteroid flyby trajectory (Sun-centered
ECLIPJ2000 inertial frame)

Figure 18: Example of multiple asteroid flyby trajectory (Earth-centered, Sun-
Earth line fixed rotational frame)

and epoch. We analytically computed the set of hyperbolic es-
cape trajectories from different Moon positions that patch with
the Earth departure V∞ vector at the right epoch; these steps
are explained in detail in Appendix A. The computed trajec-
tories provide the velocity vector right after the Moon flyby.
There are two groups of trajectories: those that reach the es-
cape state directly (shown in Figure 19a) and those that reach
the escape state after a final Earth flyby (shown in Figure 19b);
these two scenarios are called short and long arc transfer, re-
spectively. The color map in Fig. 19 illustrates the outgoing
V∞ with respect to the Moon required to connect to the IPT
trajectory. Since the required outgoing V∞ with respect to the
Moon is too high to connect it with the incoming V∞ that can be
achieved at the end of the SOR, we designed a Moon-to-Moon
sequence to bridge the gap. The multi-lunar-flyby approach has
been successfully implemented in past missions[9, 11], and has

(a) Short arc transfers.

(b) Long arc transfers.

Figure 19: Earth escape trajectory with Moon flyby (Earth-centered,
ECLIPJ2000).

been shown to provide the necessary energy boost to patch the
SOR and IPT[14, 15, 44]. In the present work, we designed
the Moon-to-Moon sequence through a grid search in the full
ephemeris model: for each state at the final Moon flyby, we
grid the direction of vvvin

∞,Moon and we propagate each case back-
ward in time until they cross the Moon’s sphere of influence
again. The final states of this propagation become the set of
states that may be patched with the spiral phase. In summary,
the spiral phase is followed by a number of lunar flybys which
then lead to a escape from the Earth directly or through a final
Earth flyby.

The backward propagation is performed using an n-body in-
tegrator considering the full ephemeris model described previ-
ously. Figure 20 illustrates a number of successful Moon-to-
Moon transfers for up to 5 months of duration. Figure 21 anal-
yses the range of both short and long arc solutions obtained via
this method. There exist multiple instances of v∞ lower than
1 km/s for different times of flight. This is the V∞ magnitude
that the spacecraft must achieve at the end of the spiral phase.
Among the feasible solutions, we prefer shorter times of flight.

4.4. Patched Trajectory Optimization

Finally, we patch the full trajectory , including the last tens
of revolutions of SOR, all phases of MFB, and all phases of

10



Figure 20: Moon flyby trajectories for V∞,0 < 1.0 km/s and TOF< 5 mon
(Earth-centered, Sun-Earth-line-fixed rotational frame).

Figure 21: Initial V∞,0 required for Moon flyby trajectories for different time of
flight.

IPT, through a low-thrust trajectory optimization problem[43]
in the full ephemeris model. We search for a suitable pair of the
SOR and MFB trajectories with a small difference in longitude
and V∞ at the first Moon flyby. Figure 22 shows the longitude
and V∞ at the first Moon flyby for both the SOR and the MFB
trajectories. Note that this plot ignores the constraint of the de-
flection angle of the Moon flyby. We can also insert some addi-
tional Moon free-return transfers if time allows. The green dots
in Fig. 22 are the solutions for the cases of adding a backflip
free-return transfer[45], which can change the longitude at the
first Moon flyby by 180 degrees in half of a lunar orbital period.
Figure 22 shows an overlap in the region of 160-180 degrees of
longitude, and MFB trajectories with backflip transfers provide
the shortest transfer to patch the entire trajectory.

Using a solution pair as an initial guess, we optimize the
patched low-thrust trajectory in the full ephemeris model. The
optimization includes the last 10-20 revolutions of the SOR tra-

jectory because of the phasing and targeting of the Moon. In the
final stage of the SOR, the perturbation caused by the Moon’s
gravity can no longer be ignored. In particular, if a distant Moon
flyby occurs throughout the phase, we cannot perform the first
Moon flyby under the expected V∞ and longitude conditions.
Therefore, we design a patched trajectory that avoids distant
Moon flybys. Future work will positively exploit the effects of
the distant moon flybys.

We first patch the MFB and IPT trajectories with the con-
straints of the Earth escape V∞ magnitude and the longitude of
the first lunar flyby. Meanwhile, we optimize the final phase of
the SOR trajectory so that the spacecraft can perform the lunar
flyby at the proper longitude. Finally, we solve the trajectory
optimization problem of the fully patched trajectory. In a pre-
liminary optimization step of the fully patched trajectory, we
still impose the constraint that the Earth departure V∞ is less
than 1.5 km/s, which is the interface condition used in the IPT
trajectory design. The patched trajectory optimization, partic-
ularly the part of the MFB trajectory, tends to diverge with-
out this constraint. Once we find a feasible patched trajectory,
we perform the final optimization without this constraint on the
Earth departure V∞ and reduce the fuel consumption in the IPT.

The complete trajectory is shown in Figs. 5, 6, and 23. The
date and time, the spacecraft mass, and V∞ at the major event
are summarized in Table 2. In this trajectory, we inserted three
Moon-to-Moon transfers with four Moon flybys. The first one
is a 1:1 resonance transfer, which can be removed if the ar-
rival time at the Moon is delayed. We insert this first transfer
to ensure robustness against delays in the SOR operation. The
second one is a backflip transfer that changes the longitude of
Moon flyby by 180 degrees. The final transfer is the one ob-
tained from the MFB database, shown in Fig. 20, and has a
flight time of about 2 months. The geometry of these lunar fly-
bys is shown together in Fig. 24, where the lowest flyby altitude
is 200 km in the flyby #4.

Figure 22: Longitude-V∞ plot for the first Moon flyby.
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Figure 23: Baseline near-Earth trajectory of DESTINY+ in the Earth-centered
Sun-Earth line fixed rotational frame.

Figure 24: Moon flyby in the baseline trajectory in the Moon-centered
ECLIPJ2000 inertial frame.

5. Flight Operation Plan

This section describes the flight operation plan in two critical
operations including the spiral orbit-raising phase and Phaethon
flyby phase.

5.1. Spiral Orbit-raising Operation

The SOR requires a total of 1.5 years of ion engine operation,
which consumes 80% of the onboard propellant. During the
SOR, we plan to determine the orbit of DESTINY+ by radio
navigation. There will be up to three days of non-visible time
from Uchinoura Space Center, the main ground station used for
DESTINY+, and therefore we will make arrangements to use a
backup station if necessary.

DESTINY+ can control its orbit in two different ion engine
operation modes: onboard automatic orbit control mode and

manual orbit control mode. In the onboard automatic orbit con-
trol mode, the spacecraft can accelerate along the tangential di-
rection of the orbit using the autonomous onboard Attitude and
Orbit Control System (AOCS), where the tangential direction is
predicted from the instantaneous orbital elements via the propa-
gator, without using an on-board navigation system. This mode
is mainly used in SOR-2, the sub-phase after the initial check-
out operation and before the spacecraft exits the radiation belt.
In the latter part of the spiral orbit-raising phase, SOR-3, we
specify the time series of thrust directions using the manual or-
bit control mode, because more efficient orbit control and phase
adjustment for the lunar flyby is required.

Regardless of the ion engine operation mode, the spacecraft
can always generate maximum power by rotating the single-
axis gimbal of the solar array panel, and the spacecraft can
accelerate in any direction except during an Earth or Moon
eclipse. During the eclipse of up to 1.5 hours, we plan to sus-
pend the ion engine acceleration due to power constraints.

By determining thrust direction and Sun direction, we can
uniquely define the attitude of the spacecraft. However, the
presence of the Earth and Moon in the star tracker’s field of
view may degrade the attitude determination accuracy. Regard-
ing the communication capabilities, the spacecraft is equipped
with a low-gain antenna able to transmit data with Earth and
to perform radio navigation even in periods when unfavorable
attitudes for communication have to be maintained.

We need to consider the counterplan against uncertainties
from navigation errors and contingency operations in the SOR
operation. In particular, we plan a contingency operation so
that the ground station antenna can acquire the spacecraft’s sig-
nal again even if the ion engine unexpectedly stops during a
time window of no communication. These contingency opera-
tions will lead to a delay for the first Moon flyby. Therefore,
we plan to leave enough coasting arcs until the first Moon flyby
(more than several months) and switch them to thrusting arcs
when the contingency operation occurs.

As a science mission, the DDA will observe the dust envi-
ronment around the Earth during the entire SOR phase. We
will also perform optical calibration operations for TCAP and
MCAP.

5.2. Phaethon Flyby Operation

For the Phaethon flyby phase (PFB), we define the three sub-
phase: Phaethon detection and identification phase, relative
orbit control phase, and Phaethon tracking observation phase.
Figure 25 is an overview of the Phaethon flyby operation. Ta-
ble 4 shows the details of the sequence of events. DESTINY+

will perform flyby observations on the most illuminated side at
the closest approach distance of 500±50 km, where the maxi-
mum allowed relative velocity is 36 km/s. This closest approach
position accuracy is achieved by hybrid radio-optical naviga-
tion.

In the Phaethon detection and identification sub-phase, the
TCAP detects and identifies the Phaethon against the back-
ground stars. In this sub-phase, we estimate the misalignment
between the TCAP and the star tracker using optical images of
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the stars. We use a medium-gain antenna with a 2-axis gim-
bal to downlink images at a high data rate during the opera-
tion. Precise misalignment estimation is essential for onboard
optical navigation and tracking control. After the Phaethon
identification is completed, we perform optical navigation and
trajectory correction maneuvers (TCMs). As a result of the
TCMs, we achieve 50 km (3σ ) closest approach position ac-
curacy on the B-plane. In the Phaethon tracking observation
operations, DESTINY+ controls the TCAP and its attitude us-
ing autonomous onboard optical navigation so that the TCAP
can track Phaethon with a pointing accuracy of 0.15-0.20 deg
(3σ ) and a pointing stability 1.2×10−3 deg during 0.3 ms (3σ )
at the closest approach.

There are two tracking control modes: the body pointing
mode and the TCAP pointing mode. In the body pointing
mode, the rotation angle of the TCAP is fixed at the origin, and
the spacecraft’s attitude is controlled so that the TCAP tracks
Phaethon. Although the tracking speed is slow, the TCAP dis-
turbances can be ignored in this mode, so we can achieve higher
pointing accuracy. This mode is used until the spacecraft can
accurately estimate the Phaethon direction in order to fix the
former’s attitude. In the TCAP pointing mode, the spacecraft
attitude is fixed to that of the closest approach, and the TCAP
is controlled to follow Phaethon. Because the tracking speed of
this mode is faster than the body pointing mode, this mode is
used for tracking control near the closest approach.

Figure 25: Overview of Phaethon flyby operation.

6. Conclusions

DESTINY+ is an upcoming JAXA Epsilon medium-class
mission to be launched in 2024 using Epsilon S launch vehi-
cle. The mission is the world’s first mission to escape from a
near-geostationary transfer orbit to deep space using low-thrust
propulsion. The primary engineering mission objective is the
demonstration of advanced technologies that include efficient
solar electric propulsion and low-energy astrodynamics; these
demonstrations will play an important role in enabling future
small-scale spacecraft to carry out deep space exploration. As

the primary science mission objective, DESTINY+ will per-
form a high-speed flyby of (3200) Phaethon and potentially
more small-body targets.

This paper presented an overview of the mission profile,
the spacecraft systems, the trajectory design approach for each
phase of the mission, and the flight operation plan for the rele-
vant phases.

Different methods of trajectory design are used for differ-
ent parts of the mission. In the first of its three phases, the
spacecraft will depart from a near-geostationary transfer orbit
and gradually raise its apogee in a spiral trajectory, a low-
thrust many-revolution trajectory. In this phase, we employ
a multi-objective evolutionary algorithm that minimizes flight
time, propellant consumption, and the duration of the longest
eclipse. In the second phase, the final conditions from the spi-
ral phase and the initial conditions of the interplanetary phase
are bridged through several Moon flybys that provide the re-
quired energy boost and address phasing problems. We gen-
erate a database of high-fidelity Moon flyby transfers that are
computed via backward propagation from the Earth escape con-
dition. The third phase, the interplanetary portion of the mis-
sion, is designed using the trajectory design method of aster-
oid flyby cyclers under two-body dynamics. Joining all three
phases, we perform low-thrust trajectory optimization in full
ephemeris of the baseline mission scenario. In this scenario,
DESTINY+ will be launched in July 2024 and will perform a
flyby of Phaethon in January 2028.

Operational considerations for the critical parts of the mis-
sion profile are discussed. The flight operation plan for the
spiral phase accounts for space environment effects, eclipses,
communication windows, and navigation errors. A timeline of
planned events for the Phaethon flyby sequence is provided; it
groups the operations into asteroid detection, relative orbit con-
trol, and asteroid tracking.
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Appendix

A. Final Moon Flyby Condition

We assume that the final Moon flyby epoch equals the Earth
departure epoch in the IPT trajectory design. For each final
Moon flyby epoch, we can obtain the Earth departure V-Infinity
vvvout

∞⊕ from the IPT results and the final Moon flyby position rrrM
from the ephemeris. Given vvvout

∞⊕ and rrrM , let us calculate the
velocity of the spacecraft after the final lunar flyby.
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Table 4: Sequence of events in Phaethon flyby phase

Time Sub-phase Events

T-30d to T-5d Phaethon detection and identification

Precise orbit determination by radio navigation
Misalignment estimation between TCAP and star tracker
Phaethon detection completed (T-10d at the latest)
Phaethon identification completed (T-5d at the latest)

T-5d to T-2.5d

Relative trajectory control

Downlink Phaethon images for optical navigation

T-2.5d to T-2d Relative orbit determination using optical images
TCM1 planning and execution

T-2d to T-1d Dust trail observation by DDA started
Downlink Phaethon images for optical navigation

T-1d to T-7.5h Relative orbit determination using optical images
TCM2 planning and execution if necessary

T-7.5h to T-5m
Phaethon tracking observation

Autonomous mode and science observation started
Body pointing mode started

T-5m to T+15m 3D attitude fixed and TCAP pointing mode started

T+15m to T+1d Attitude maneuver for high speed communication
Phaethon flyby operation completed

The magnitude of the velocity after the final flyby is

vM =

√
‖vvvout

∞⊕‖2 +
2GM⊕

rM
, (A.1)

and the semi-major axis is

a =−GM⊕
vout2

∞⊕
. (A.2)

The velocity direction can be calculated by the following pro-
cedure.

The inclination of the hyperbolic orbit is given by applying
the spherical trigonometry to4ABC as shown in Fig. .26.

i = sin−1
(

sinδ∞

sinθ

)
(A.3)

where δ∞ is the longitude of vvvout
∞⊕ in the moon reference plane,

and θ is defined by

θ =

cos−1
(

rrrM ·vvvout
∞⊕

‖rrrM‖‖vvvout
∞⊕‖

)
if short arc transfer

2π− cos−1
(

rrrM ·vvvout
∞⊕

‖rrrM‖‖vvvout
∞⊕‖

)
if long arc transfer

(A.4)

The eccentricity of the hyperbolic orbit is calculated by the
following equations:

e =
√

χ2 +1 (A.5)

where χ(≥ 0) is given by solving the following quadratic equa-
tion

aχ
2 + rM sinθ χ +(1− cosθ)rM = 0 (A.6)

This quadratic equation is obtained from{
1+ ecosν∞ = 0

1+ ecos(ν∞−θ) = a(1−e2)
rM

(A.7)

Figure .26: Final lunar flyby geometry (out-of-plane view); the spacecraft
leaves from the Moon and escapes the Earth through a hyperbolic trajectory.

where θ = ν∞−νM as shown in Fig. .27.
Finally, we can calculate the radial and tangential compo-

nents of the velocity.

vr =

√
GM⊕

a(1− e2)
esin(ν∞−θ) (A.8)

vθ =

√
GM⊕

a(1− e2)
{1+ ecos(ν∞−θ)} (A.9)
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[17] O. Çelik, D. A. Dei Tos, T. Yamamoto, N. Ozaki, Y. Kawakatsu, C. H.
Yam, Multiple-Target Low-Thrust Interplanetary Trajectory of DES-
TINY+, Journal of Spacecraft and Rockets 58 (3) (2021) 830–847. doi:
10.2514/1.A34804.

[18] N. Ozaki, K. Yanagida, T. Chikazawa, N. Pushparaj, N. Takeishi, R. Hy-
odo, Asteroid flyby cycler trajectory design using deep neural networks

(2021). arXiv:2111.11858.
[19] J. Veverka, R. W. Farquhar, E. Reynolds, M. J. S. Belton, A. Cheng,

B. Clark, J. Kissel, M. Malin, H. Niemann, P. Thomas, D. Yeomans,
Comet nucleus tour, Acta Astronautica 35 (1995) 181–191.

[20] J. A. Englander, K. Berry, B. Sutter, D. Stanbridge, D. H. Ellison,
K. Williams, J. McAdams, J. M. Knittel, C. Welch, H. Levison, Trajec-
tory design of the Lucy mission to explore the diversity of the Jupiter
Trojans, Proceedings of the International Astronautical Congress, IAC
2019-Octob (1) (2019) 1–9.

[21] C. B. Olkin, H. F. Levison, M. Vincent, K. S. Noll, J. Andrews, S. Gray,
P. Good, S. Marchi, P. Christensen, D. Reuter, H. Weaver, M. Pätzold,
J. F. B. III, V. E. Hamilton, N. D. Russo, A. Simon, M. Beasley,
W. Grundy, C. Howett, J. Spencer, M. Ravine, M. Caplinger, Lucy
mission to the trojan asteroids: Instrumentation and encounter concept
of operations, The Planetary Science Journal 2 (5) (2021) 172. doi:

10.3847/psj/abf83f.
URL https://doi.org/10.3847/psj/abf83f

[22] M. Rayman, T. Fraschetti, C. Raymond, C. Russell, Dawn: A mission in
development for exploration of main belt asteroids vesta and ceres, Acta
Astronautica 58 (2006) 605–616. doi:10.1016/j.actaastro.2006.
01.014.

[23] F. E. Laipert, J. M. Longuski, Automated missed-thrust propellant mar-
gin analysis for low-thrust trajectories, Journal of Spacecraft and Rock-
ets 52 (4) (2015) 1135–1143. arXiv:https://doi.org/10.2514/1.
A33264, doi:10.2514/1.A33264.
URL https://doi.org/10.2514/1.A33264

[24] Y. Kawakatsu, T. Iwata, Destiny mission overview: A small satellite mis-
sion for deep space exploration technology demonstration, Advances in
the Astronautical Sciences 146 (2013) 727–739.

[25] Development and testing of the re-deployable radiator for deep space
explorer, Applied Thermal Engineering 165 (2020) 114586. doi:10.

1016/j.applthermaleng.2019.114586.
[26] T. Arai, M. Kobayashi, K. Ishibashi, F. Yoshida, H. Kimura, K. Wada,

H. Senshu, M. Yamada, et al., Destiny+ mission: Flyby of geminids par-
ent asteroid (3200) phaethon and in-situ analyses of dust accreting of the
earth, in: 49th Lunar and Planetary Science Conference, 2018.

[27] T. Arai, F. Yoshida, M. Kobayashi, K. Ishibashi, H. Kimura, T. Hirai,
P. Hong, K. Wada, H. Senshu, M. Yamada, R. Srama, H. Krüger, M. Ishig-
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