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ABSTRACT

In late 2018, the asteroid Ryugu was in the Sun’s shadow during the superior solar conjunction

phase. As the Sun–Earth–Ryugu angle decreased to below 3◦, the Hayabusa2 spacecraft

experienced 21 days of planned blackout in the Earth–probe communication link. This

was the first time a spacecraft had experienced solar conjunction while hovering around a

minor body. For the safety of the spacecraft, a low energy transfer trajectory named Ayu

was designed in the Hill reference frame to increase its altitude from 20 to 110 km. The

trajectory was planned with the newly developed optNEAR tool and validated with real

time data. This article shows the results of the conjunction operation, from planning to

flight data.
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1 Introduction

The Hayabusa2 mission was a Japanese robotic mission

to Ryugu [1]. Since rendezvousing with Ryugu less than

one year ago, Hayabusa2 has set a new first for Japan by

successfully performing the first ever impact experiment

on an asteroid (April 2019). The impact experiment was

executed after successful completion of another critical

operation: the touchdown operation for sampling

Ryugu’s surface (February 2018). The first touchdown

was followed by a second successful touchdown at the

location of the small carry-on impactor’s (SCI) artificial

crater site in July 2019. After entering the Sun’s

shadow in late 2018 with the start of the superior solar

conjunction phase, Hayabusa2 successfully deployed two

rovers (September 2018) and a lander (October 2018).

In November 2019, Hayabusa2 completed its exploration

phase and began its return journey towards the Earth.

� stefania.soldini@liverpool.ac.uk

Contrary to NASA’s OSIRIS-REx mission [2], the

Hayabusa2 spacecraft did not orbit Ryugu, but instead

hovered at a relative distance of 20 km from its center,

known as the home position (HP) point [3]. Navigation

was performed in the HP frame, with the z-axis aligned

with the asteroid–Earth line. Hayabusa2 typically

operates at around 20 km altitude in +zHP, known

as controlled BOX-A [3]. To maintain Hayabusa2’s

position in BOX-A, a ΔV command was sent to

the spacecraft every 1–2 days. A decrease in the

Sun–Earth–probe (SEP) angle below 3◦ caused a

substantial increase in data noise in the Doppler

measurements [4], thus making it difficult to correctly

send commands to the spacecraft. JAXA’s previous

Hayabusa mission experienced solar conjunction during

the transfer phase [5], when it was placed in a

heliocentric orbit towards Itokawa. It was the first time

that a spacecraft experienced superior solar conjunction



266 S. Soldini, H. Takeuchi, S. Taniguchi, et al.

Nomenclature

AIT asteroid image tracking

AOCS attitude orbit control system

AU astronomic unit

COI conjunction orbit insertion

FD flight dynamics

FOV field of view

GCP-NAV ground control point navigation

goNEAR gravitational orbits near earth asteroid regions

HGA high gain antenna

HP home position (20 km from Ryugu)

HPNAV home position NAVigation

HRM home position recovery maneuver

JATOPS JAXA approach trajectory optimizer with stochastic constraints

OD orbit determination

optNEAR optimum trajectory near Earth asteroid regions

RCS reaction control system

SEP Sun–Earth–probe

SRP solar radiation pressure

TCM trajectory control maneuver

ToF time of flight

UTC universal coordinated time

while in the hovering phase. This condition lasted 21

days for Hayabusa2, making the standard 1–2 days

HP maintenance operation infeasible. As a 20 km

altitude is usually artificially maintained, it was too

risky to leave the spacecraft uncontrolled in proximity

to Ryugu. To prevent a close approach with the

asteroid, or an undesired escape from Ryugu’s sphere of

influence, the optimum trajectory near-Earth asteroid

regions (optNEAR) tool was developed for the design of

a low energy transfer trajectory for hovering satellites.

The trajectory was designed in the Hill frame and

due to its fish-like shape was named “ayu” (Japanese

sweetfish) trajectory [6, 7]. For the case of Hayabusa2,

the ayu trajectory was designed to reach an altitude

of 110 km in deep conjunction (minimum SEP angle).

Only two deterministic maneuvers were required, with a

ΔV budget of less than 1 m/s. The shooting method

developed in optNEAR takes advantage of the natural

dynamics of the asteroid–Sun system, knowing that in

the Hill problem the spacecraft motion is opposed by the

solar radiation pressure (SRP) acceleration, for a fixed

initial energy level. This principle was previously used

by JAXA’s Hiten mission [8], for the design of a recovery

trajectory in the patched Sun–Earth and Earth–Moon

systems [9]. The ayu trajectory aimed to direct the

spacecraft towards the zero velocity curves of the Hill

problem (boundary of possible motion), where the

maximum altitude of 110 km was reached and the return

to a 20 km altitude could therefore be executed in fuel-

free mode (ballistic capture). As a first approximation,

the conjunction trajectory was designed in the Hill

frame of the Sun–asteroid system and the solution

was then refined in the full-ephemeris problem [6, 7].

The time of flight (ToF) of the flown ayu conjunction

trajectory was around 38 days, with two deterministic

ΔV designed at the conjunction orbit insertion (COI)

point (home position (HP) before the conjunction) and

at the home position recovery (HRM) point (HP after

the conjunction). Two trajectory correction maneuvers

(TCMs) were scheduled before and after the deep

conjunction phase. The trajectory designed with the

optNEAR tool was validated in real time operations

and used for testing the JAXA’s trajectory design

JATOPS (JAXA approach trajectory optimizer with

stochastic constraints) tool for high altitude operations.

The results of the post-flight operations are presented

here.

2 Solar conjunction mission design and

operation planning

The ayu conjunction trajectory was designed in the

Hill reference frame, as shown in Soldini et al. [6, 7].

The dynamics of the mother spacecraft was written

in a rotating reference frame, where the system was

centered on Ryugu and the Sun, and the asteroid was

placed along the x-axis. The Sun was in the negative

x coordinates. Depending on how the initial energy of
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the spacecraft (state vector) was set, it was possible

to distinguish regions of motion where the spacecraft

dynamics was not permitted [10]. This information was

used to increase the spacecraft’s altitude from 20 km to a

safety altitude during deep conjunction. On 2018/12/11,

the spacecraft reached the deep conjunction position

located at the boundary of the permitted motion, as

seen in the Hill reference frame. In deep conjunction,

the SEP angle was at its minimum value of 0.4◦.
The conjunction operation started and ended when

the SEP angle was equal to 5◦ and the gravity constant

of Ryugu, μa, was set to 30 m
3/s2, as in Soldini et al. [6,7].

Figure 1 shows the nominal conjunction trajectory as

seen from the Hill reference frame and HP reference

frame (Figs. 1(a) and 1(b)). The trajectory’s fish-like

shape in the Hill coordinates can be seen in Fig. 1(a).

The z-axis of the HP reference frame was along the

Earth-asteroid line pointing towards the Earth. The

Sun–asteroid line belonged to the positive coordinates

of the x–z plane and the y axis was given such that the

HP frame was a right-handed coordinate system. Figure

1(b) shows that the ayu trajectory was a periodic orbit

when placed in the HP reference frame. Indeed, COI

and HRM share the same coordinates in this frame.

Figure 1 also shows the epochs of the TCMs (red points)

and the deep conjunction epoch (green point).

The ayu conjunction trajectory requires two

deterministic maneuvers: before and after the superior

solar conjunction at the COI point and the HRM,

respectively (Fig. 1) [6, 7]. The total contribution of

the two deterministic ΔV maneuvers at COI and HRM

computed with the optNEAR tool was 0.2359 m/s

[6, 7]. As a result of an uncertainty analysis in the

deterministic maneuvers at COI and HRM, Soldini et

al. concluded that at least two stochastic TCMs were

required [6, 7], as shown by the red point in Fig. 1.

The conjunction operation required four maneuvers

to be performed. The solution in the Hill reference

frame was the first guess solution. The trajectory was

then refined and recomputed in the full ephemeries

planetary equations via the use of NASA’s SPICE

toolkit, interfaced with the optNEAR tool.

Table 1 shows the epochs of the Hayabusa2’s superior

solar conjunction operations as a function of the SEP

angle. The overall solar conjunction phase lasted for

37 days and for 21 days the spacecraft was kept free

from on ground control, while in deep conjunction. Note

that on 2018/12/28, it was decided to modify the ΔV

planning at HRM (last line in Table 1) and the home

position keeping (HPK) maneuver for hovering position

maintenance (20 km from Ryugu along the zHP axis)

was merged with the HRM maneuver.

In Soldini et al. [6, 7], it was demonstrated that

the ayu conjunction trajectory allowed a low fuel

expenditure and Ryugu was always in the field of view

(FOV) of Hayabusa2’s wide angle navigation camera

Table 1 Scheduled maneuvers for the Hayabusa2’s superior solar

conjunction

Maneuver Epoch (UTC) SEP angle (◦)

COI 2018/11/23 5

TCM1 2018/11/30 3

TCM2 2018/12/25 4

HRM+HPK 2018/12/29 5

Fig. 1 Design of the solar conjunction ayu trajectory as seen in the Hill reference frame (a) and HP reference frame (b).
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ONC-W1 (60◦). Figure 2 shows the ayu trajectory

for μa = 32 m3/s2 and for a conjunction maneuver

starting at a SEP angle of 6◦. Figure 2(a) shows

the trajectory by forward (black) and backward (green)

integration from the deep conjunction point (-H), as

shown by the green point in Fig. 1. The geometry of the

camera was verified when the spacecraft was kept Earth-

pointing (∼ Sun-pointing in deep conjunction). Figure

2(b) shows the angle between the x-axis direction and

the spacecraft–Ryugu line (half of the camera FOV).

The asteroid was always in the FOV of the ONC-W1

camera and in some cases was within the ONC-T camera

FOV (6◦).
For the solar conjunction mission planning, four main

phases were defined and the epoch of the maneuvers are

given in Table 1:

(1) Preparation phase: COI (2018/11/23)–TCM1

(2018/11/30). During the preparation phase, the

spacecraft performed a 180◦ slew maneuver around

the zHP-axis to ensure the correct orientation of

the 12 thrusters after the deep conjunction phase

(flip of the HP frame). The COI maneuver was

performed when the SEP angle was 5◦ and TCM1

was performed when the SEP angle was 3◦.
(2) Deep conjunction phase: TCM1 (2018/12/01)–

TCM2 (2018/12/21). When the spacecraft was in

deep conjunction (SEP angle < 3◦), the spacecraft

did not perform any orbit maneuvers, only attitude

maintenance. Beacon operations were carried out

to monitor the status of the spacecraft while

in deep conjunction. A radio science experiment

was carried out during the deep conjunction epoch

(the green point in Fig. 1) for testing the Ka-

band capability for retrieving telemetry data to

estimate the spacecraft’s position and velocity. The

spacecraft remained in deep conjunction for 21 days

with no commands sent from Earth.

(3) Recovery phase: TCM2 (2018/12/22)–HRM

(2018/12/29). The recovery phase required a

second TCM2 maneuver when the SEP angle was

4◦. The HRM was performed when the SEP angles

was 5◦.
(4) Home position keeping: HPK (2018/12/29). At the

HRM epoch, a ΔV for HPK maintenance was added

with the scope of bringing the spacecraft to 20 km

altitude on 2018/12/31.

2.1 Maneuver operation

The conjunction orbit took into account the solar

radiation pressure perturbation and was designed to

stay in the +zHP region without any deterministic

maneuvers between COI and HRM. The maximum

distance from Ryugu was 109 km on 2018/12/11 (deep

conjunction epoch, green point in Fig. 1). The COI

and HRM ΔV s were 2 cm/s in xHP and 12 cm/s in

yHP. The maneuvers were calculated based on the

results of the orbit determination (OD) team, who

made use of radiometric data and ONC-W1’s asteroid

image tracking (AIT) data to estimate the state of

the spacecraft. The AIT data was verified using the

Fig. 2 The left panel shows the two arcs of the conjunction trajectory from deep conjunction to COI (green line) and from deep

conjunction to HRM (black line). The right panel shows that Ryugu is always in the ONC-W1 camera FOV (60◦) and in some cases in

the FOV of the ONC-T camera (6◦).
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Fig. 25 Planned trajectory OD Fujitsu solution (black) and

the actual trajectory after HRM operation (red). The edges of

BOX-A are marked in gray. The black dot represents the Ryugu

coordinates. HP reference frame.

Fig. 26 Results of the HRM (including HPK) operation on

2018/12/29: planned and measured � V report.

HRM (Fig. 25). In Figs. 10, 13, 23, and 25, the

trajectory in black is the planned trajectory, while the

one in red is the propagated trajectory after measuring

the actual ΔV . The deterministic ΔV was computed

using optNEAR in J2000EQ and then given in the HP

and spacecraft’s body-fixed reference frames, as shown

in Table 12. As previously mentioned, ΔV slower than

1 mm/s was neglected while ΔV faster than 10 cm/s

was executed two times as main and trim ΔV s, as shown

in Table 13. Table 13 shows the effects on the ΔV

of truncation of up to 4 digits of the ΔV command.

Evidently, both TCM1 and TCM2 did not require a

trim ΔV , while the Z direction required main and trim

ΔV s for both COI and HRM. The planned trim ΔV

was usually rescheduled during the mission operation to

compensate for the error of the main ΔV . In Table 13,

the actual measurements are the ACMs for the X and

Y ΔV s and 2-way Doppler for the Z ΔV .

7 Conclusions

In this article, the Hayabusa2’s low energy conjunction

(ayu) trajectory, executed in late 2018, was presented.

As a result of the operation, the optNEAR tool was

validated in real time and was used for the validation

of JAXA’s JATOPS trajectory design tool at high

altitude operations. The spacecraft reached a maximum

distance of 109 km from Ryugu on 2018/12/11 and

returned to home position (20 km from Ryugu) on

2018/12/29 after 21 days of uncontrolled orbital motion.

Table 12 Designed deterministic �V in HP and body-fixed frames

Maneuver �V XHP
�V YHP

� VZHP
� VXB

�V YB
�V ZB

COI (cm/s) 2.154758 Š0.290556 14.049689 Š2.071104 0.595609 14.052644

TCM1 (cm/s) 0.049176 0.004165 0.379261 Š0.048507 0.005917 0.379325

TCM2 (cm/s) Š0.708705 0.263339 Š0.585655 Š0.719433 0.234432 Š0.584859

HRM (cm/s) 3.092521 Š0.560379 13.753272 3.111279 Š0.530874 13.750199

Table 13 Planned and actual executed �V in the body-fixed frame

Maneuver
�V XB

�V YB
�V ZB

� VXB
�V YB

� VZB

(planned) (planned) (planned) (actual) (actual) (actual)

COI (main) (cm/s) Š2.0700 0.5900 10.0000 Š2.0448 0.54918 9.4530

COI (trim) (cm/s) 0.0000 0.0000 4.5970 0.0000 0.0000 4.3900

TCM1 (main) (cm/s) 0.0000 0.0000 0.3800 0.0000 0.0000 0.3770

TCM1 (trim) (cm/s) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

TCM2 (main) (cm/s) Š0.7206 0.2310 Š0.5892 Š0.7631 0.2315 Š0.5508

TCM2 (trim) (cm/s) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

HRM (main) (cm/s) 3.0900 Š0.5600 10.0000 2.7700 Š0.4880 9.3370

HRM (trim) (cm/s) 0.0000 0.0000 4.4100 0.0000 0.0000 4.0600
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Due to the error in the attitude maintenance in deep

conjunction, Ryugu was not in the FOV of the ONC-T

camera on 2019/12/15, while it was consistently in the

FOV of ONC-W1. On 2018/12/11 (deep conjunction),

a beacon operation was performed for radio science

purposes to test the Ka-band capability under solar

corona noise. The total expenditure in the ΔV was, as

desired, less than 0.36 m/s. Based on the observation

data collected during the solar conjunction, the orbit of

Ryugu was recalculated. This updated orbit was used

after returning to the HP position (HRM) to resume

the home position at an altitude of 20 km above the

asteroid surface. It was confirmed that using this new

orbit of Ryugu achieves and maintains a more stable

home position.

Appendix A: Partial derivatives of the

optNEAR’s linearized equations

The partial derivatives including the gravity of Ryugu,

the 3rd body, and the SRB perturbations are given by

the following equation:⎡
⎢⎢⎢⎣

∂F4
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∂F4

∂y
∂F4
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(21)

A.1 Partial derivatives of the Ryugu’s gravity

The partial derivatives of Ryugu’s gravity are given by⎡
⎢⎢⎢⎣
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A.2 Partial derivatives of the 3rd body

perturbations

The partial derivatives of the 3rd body perturbation are

derived as⎡
⎢⎢⎢⎢⎣
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A.3 Partial derivatives of solar radiation

pressure perturbation

The cannonball model assumes that the Hayabusa2

spacecraft is Sun-pointing. This is not exact during

the conjunction phase when Hayabusa2 is kept Earth-

pointing. Therefore, the equations for a flat surface are

more appropriate and used here. The partial derivatives

of Eq. (4) are given by rearranging Eq. (4) as follows:

aSRP = − K(1− ε)

rEarth

rEarth · rls
r4ls

rls

− 2Kε

r3Earth

(rEarth · rls)2
r4ls

rEarth (24)
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c

A

m
AU2 (25)

Note that:
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XE
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⎫⎪⎪⎬
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The derivatives of the two terms in Eq. (24) are

derived by components and it was distinguished between

the 1st term of Eq. (24) and 2nd term of Eq. (24). The

partial derivatives of SRP are⎡
⎢⎢⎢⎣

∂F4SRP

∂x
∂F4SRP

∂y
∂F4SRP

∂z

∂F5SRP

∂x
∂F5SRP

∂y
∂F5SRP

∂z

∂F6SRP

∂x
∂F6SRP

∂y
∂F6SRP

∂z

⎤
⎥⎥⎥⎦=−K(1−ε)

rEarth

⎡
⎢⎣ a1xx a1xy a1xz

a1yx a1yy a1yz

a1zx a1zy a1zz

⎤
⎥⎦
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− 2Kε

r3Earth

⎡
⎢⎢⎢⎣

a2xx a2xy a2xz

a2yx a2yy a2yz

a2zx a2zy a2zz

⎤
⎥⎥⎥⎦

(27)

This formulation was written for flat surface Earth-

pointing, and therefore the norm is a function of the

Earth–asteroid line, for simplicity. The two terms of

Eq. (27) are derived by components as

1) 1st term

rEarth · rls
r4ls

rls =
XE(XS−X)+YE(YS−Y )+ZE(ZS−Z)

[(XS−X)2+(YS−Y )2+(ZS−Z)2]
2 ·

⎧⎪⎪⎨
⎪⎪⎩

XS −X

YS − Y

ZS − Z

⎫⎪⎪⎬
⎪⎪⎭ = a1 (28)

Derivatives of the x-component

∂a1x
∂x

=a1xx=−2XE(XS−X)+YE(YS−Y )+ZE(ZS−Z)

r4ls
+

4
rEarth · rls(XS−X)2

r6ls
(29)

∂a1x
∂y

= a1xy = −YE(XS −X)

r4ls
+

4
rEarth · rls(XS −X)(YS − Y )

r6ls
(30)

∂a1x
∂z

= a1xz = −ZE(XS −X)

r4ls
+

4
rEarth · rls(XS −X)(ZS − Z)

r6ls
(31)

Derivative of the y-component

∂a1y
∂x

= a1yx = −XE(YS − Y )

r4ls
+

4
rEarth · rls(YS − Y )(XS −X)

r6ls
(32)

∂a1y
∂y

=a1yy=−XE(XS−X)+2YE(YS−Y )+ZE(ZS−Z)

r4ls
+

4
rEarth · rls(YS−Y )2

r6ls
(33)

∂a1y
∂z

= a1yz = −ZE(YS − Y )

r4ls
+

4
rEarth · rls(YS − Y )(ZS − Z)

r6ls
(34)

Derivative of the z-component

∂a1z
∂x

= a1zx = −XE(ZS − Z)

r4ls
+

4
rEarth · rls(ZS − Z)(XS −X)

r6ls
(35)

∂a1z
∂y

= a1zy = −YE(ZS − Z)

r4ls
+

4
rEarth · rls(ZS − Z)(YS − Y )

r6ls
(36)

∂a1z
∂z

=a1zz=−XE(XS−X)+YE(YS−Y )+2ZE(ZS−Z)

r4ls
+

4
rEarth · rls(ZS−Z)2

r6ls
(37)

2) 2nd term

(rEarth · rls)2
r4ls

rEarth =

[XE(XS−X)+YE(YS−Y )+ZE(ZS−Z)]
2

[(XS−X)2+(YS−Y )2+(ZS−Z)2]
2

⎧⎪⎪⎨
⎪⎪⎩

XE

YE

ZE

⎫⎪⎪⎬
⎪⎪⎭=a2

(38)

Partial derivatives of

∂

∂r

(rEarth · rls)2
r4ls

= 2
rEarth · rls

r4ls

∂(rEarth · rls)
∂r

−

(rEarth · rls)2
r8ls

∂r4ls
∂r

(39)

where

∂(rEarth · rls)
∂r

= −

⎧⎪⎪⎨
⎪⎪⎩

XE

YE

ZE

⎫⎪⎪⎬
⎪⎪⎭ (40)

and

∂r4ls
∂r

=−4
[
(XS−X)2+(YS−Y )2+(ZS−Z)2

]
⎧⎪⎪⎨
⎪⎪⎩

XS −X

YS − Y

ZS − Z

⎫⎪⎪⎬
⎪⎪⎭

(41)
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therefore

∂

∂r

(rEarth · rls)2
r4ls

= − 2
rEarth · rls

r4ls

⎧⎪⎪⎨
⎪⎪⎩

XE

YE

ZE

⎫⎪⎪⎬
⎪⎪⎭+

4
(rEarth · rls)2

r6ls

⎧⎪⎪⎨
⎪⎪⎩

XS −X

YS − Y

ZS − Z

⎫⎪⎪⎬
⎪⎪⎭ (42)

Finally⎡
⎢⎢⎣

a2xx a2xy a2xz

a2yx a2yy a2yz

a2zx a2zy a2zz

⎤
⎥⎥⎦=

⎡
⎢⎢⎣−2

rEarth · rls
r4ls

⎧⎪⎪⎨
⎪⎪⎩

XE

YE

ZE

⎫⎪⎪⎬
⎪⎪⎭+

4
(rEarth · rls)2

r6ls

⎧⎪⎪⎨
⎪⎪⎩

XS−X

YS−Y

ZS−Z

⎫⎪⎪⎬
⎪⎪⎭

⎤
⎥⎥⎦ ·

[
XE YE ZE

]
(43)

A.4 Partial derivatives of solar radiation

pressure perturbation (Sun-pointing)

For a cannonball model, the partial derivatives of the

SRP perturbation are quite simple and they are given

by

⎡
⎢⎢⎢⎣

∂F4SRP

∂x
∂F4SRP

∂y
∂F4SRP

∂z

∂F5SRP

∂x
∂F5SRP

∂y
∂F5SRP

∂z

∂F6SRP

∂x
∂F6SRP

∂y
∂F6SRP

∂z

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

K
r3

(
1− 3x2

r2

)
−K 3xy

r5 −K 3xz
r5

−K 3xy
r5

K
r3

(
1− 3y2

r2

)
−K 3yz

r5

−K 3xz
r5 −K 3yz

r5
K
r3

(
1− 3z2

r2

)

⎤
⎥⎥⎥⎥⎦ (44)

with

K =
P0Cr

c

Asc

msc
AU2 (45)
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