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Abstract

The asteroid explorer Hayabusa2 was launched by Japan Aerospace Exploration Agency (JAXA) on December 3,
2014. The main mission of the spacecraft is to sample material of Asteroid and return back to the Earth. Hayabusa2
has reached Ryugu in June 2018 and observed its geography by operations such as middle/low altitude observation
and Touch Down rehearsal. Because of the rough terrain, we have to modify the Touch-Down (TD) operational design.
Before reaching Ryugu, we planned to carry out dropping Target Marker (TM) and touching down to Ryugu as a single
sequence of TD operation. However after finding the rough terrain, we have firstly carried out dropping TM and close-
up observation around the TM as the first step of the TD event in October 2018. As a result of close-up observation,
we have found the flat area around TM (about 3m) is narrower than the area we assumed (about 50m). Just after the
TD, a large amount of dust were thrown up. As a result, the touch down sequence was needed to be changed because
the performance degradation has occurred on navigation sensor such as navigation camera (ONC) and altimeter (LI-
DAR, LRF). Hayabusa2 has accomplished second TD after flexible sequence changes with on-board sequencer func-
tion called GSP (Guidance Sequence Program). This paper presents how the touch-down events have been carried out
with on-board GNC system and operational design with the flight data of the second TD to Ryugu with GSP.
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Nomenclature
X, : State variable (after time update)
X,: State variable (before time update)
u,: Control vector
Py,.: Covariance matrix
Q,.: Covariance of process noise
K;.: Kalman gain
H,: Observation model
R;.: Covariance of observation noise
7, Observation vector
Tsc/nr- Position of spacecraft at NT coordinate
Usc/nr- Velocity of spacecraft at NT coordinate
g,nr- Asteroid gravity acceleration at NT coordinate
AV, yr: Control vector at NT coordinate
Ty0/nr- Observation point for LRF at NT coordinate
Tco - Observation point for ONC at NT coordinate

Acronyms/Abbreviations

Japan Aerospace Exploration Agency (JAXA)
Small Carry-on Impactor (SCI)

Touch-Down (TD)

Guidance, navigation and control (GNC)

Star tracker (STT)

Inertial reference unit (IRU)

Reaction control system (RCS)

Reaction wheel (RW)

Light detection and ranging (LIDAR)

Optical navigation camera-W1 (ONC-W1)
Target marker (TM)

Flash (FLA)

Laser range finder (LRF)

GCP-NAYV (Ground Control Point Navigation)
Navigation target (NT)
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Optical Navigation Camera Electric (ONC-E)
Charge Coupled Device (CCD)

Attitude and orbit control processor (AOCP)
Attitude control flight software (ACFS)
Guidance sequence program (GSP)
Command memory table (CMT)

Conditional branch table (CBT)

1. Introduction

The asteroid explorer Hayabusa2 was launched by Ja-
pan Aerospace Exploration Agency (JAXA) on Decem-
ber 3, 2014. The main mission of the Hayabusa2 is to
sample material of Asteroid and return to the Earth [1]
[2].

Hayabusa2 has reached Ryugu in June 2018 and suc-
cessfully executed its first Touch-Down (TD) on Febru-
ary 22, 2019 to collect samples from the asteroid’s sur-
face, followed by its second on July 11 to collect samples
from the subsurface caved by Small Carry-on Impactor
(SCI). And finally, on December 6, 2020, Hayabusa2 has
returned to the Earth with a large amount of sample of
Ryugu.

Hayabusa2’s autonomous guidance, nhavigation and
control (GNC) system has contributed to two times TD
with pinpoint precision with a margin of error of about
1m in the restrictions imposed by the asteroid’s high-tem-
perature environment and communication lag with oper-
ators back on Earth.

We present Hayabusa2 on-board GNC system in sec-
tion2, how we realize the TD sequence with on-board
GNC system in section3, and flight results of first and
second TD in section4.

2. Hayabusa2 On-board GNC System

Fig. 1 shows an external view of Hayabusa2’s auton-
omous navigation, guidance, and control system. As
standard devices for navigation, guidance, and control,
Hayabusa?2 is equipped with a star tracker (STT) and an
inertial reference unit (IRU) to estimate the attitude of
the spacecraft, as well as a reaction control system
(RCS) and a reaction wheel (RW) to control the position
and attitude of the spacecraft.

Landing support is provided by a light detection and
ranging (LIDAR) laser altimeter to measure the distance
to the asteroid, an optical navigation camera-W1 (ONC-
W1) to grasp the spacecraft’s position relative to the as-
teroid, target markers (TMs) to provide landmarks on
the asteroid, a flash (FLA) to make the TMs reflect
light, and a laser range finder (LRF) to measure four
points on the asteroid’s surface to find the gradient and
distance with respect to the local surface on the asteroid.
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Fig.1 Schematic picture of GNC system of Hayabusa2

3. Touch-Down to Ryugu with GNC system

Fig2 shows the schematic picture of TD sequence. TD
sequence is divided into two parts, Approach phase and
Final descent phase.

Altitude
A Prediction
error sphere
Actual position ‘/‘ Initial Position for GCP-NAV
20 [km] [--cccee T : et -
Predicted
position
Actpal trajectory %’
Set-point trajectory ]
-
g
- %s
=H
28
= i Final correction AV
% by GCP-NAV
85 [ |-—ommmmmm e .
i p‘_\‘
Lo g 3
ONC-W1 . + Synchronize with ._-Dn R
FOv . asteroid'ssurface | 5 o=
ol fo B
=]
~“ =L m
s82
~ o= )
Fig.2 Schematic picture of TD sequence
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3.1 Approach Phase

At the beginning of the approach phase, the spacecraft
executes a descent maneuver to start descending towards
the asteroid from Home Position (hereafter HP: 20km).

In order to acquire the TM on Ryugu, the spacecraft
shall reach above the TM (45m: TM visible altitude) at
the target time when the asteroid rotation brings the TM
onto the approach path.

We have adopted "GCP-NAV (Ground Control Point
Navigation)", which is heritage from Hayabusa mission,
as navigation and control method. In GCP-NAYV, the
ground operators manually overlay the asteroid's shape
and GCPs (Ground Control Point, that is, characteristic
geography) on estimated asteroid shape and GCPs by us-
ing the spacecraft attitude and then estimate the space-
craft's position at the time when the image has taken
[3][4]. The ground operators propagate the spacecraft's
position until next control timing considering large prop-
agation delay (20min for one-way) and then send orbit
control commands back to the spacecraft.

3.2 Final Descent Phase

As soon as the TM was visually confirmed at the alti-
tude of 45 m, the spacecraft switched to autonomous
navigation, guidance and control while referencing the
TM. Fig. 3 shows the schematic picture of final descent
phase. Thanks to the asteroid rotation, TM is visible at
the edge of ONC-W1 field of view. After acquiring and
tracking the TM, the spacecraft control onto TM. Then
the spacecraft descent by RCS to 25m. The altitude sen-
sor is switched from LIDAR to LRF around 25m. After
that, the spacecraft is controlled to 8.5m (TD start alti-
tude) and then the spacecraft is controlled to TD start
point and attitude. Finally, descent maneuver is exe-
cuted to execute TD to Ryugu.
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Fig.3 Schematic picture of final descent phase

3.3 Touch-Down Technology

3.3.1 Optical Navigation

The TD target point was specified in a coordinate
system, specifically the navigation target (NT) coordi-
nate system, with the target TM on the asteroid set as
the origin of the coordinate system using close-up im-
ages obtained in the rehearsal for the landing. To esti-
mate the position of the spacecraft in the NT coordinate
system, information on the TM’s orientation and alti-
tude when viewed from the spacecraft in the NT coordi-
nate system was required.

Fig.4 shows the overview of the autonomous naviga-
tion. Designed to recognize the TM, the image pro-
cessing processor (ONC-E) gave an imaging command
and flashing command to the ONC-W1 and FLA re-
spectively and extracted the TM by processing images.
Using the CCD address in the ONC-W1°s angle of view
and the attitude estimation during imaging, the attitude
and orbit control processor (AOCP) calculated the TM’s
orientation in the NT coordinate system when viewed
from the spacecraft. The AOCP also calculated the alti-
tude obtained from the LIDAR or LRF.

The AOCP estimated the position and velocity of
spacecraft in the NT coordinate system by using the
TM’s orientation and altitude using a Kalman filter (see
Appendix A).
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Fig.4 Overview of the autonomous GNC system

3.3.2 Navigation and Control by GSP

Before Hayabasa2 arrived at Ryugu, the asteroid’s
geographical features and environmental conditions
were unclear, making it necessary that the spacecraft be
able to modify the TD sequence after arrival. To facili-
tate this, we added a programmable guidance sequence
program (GSP) function to the attitude control flight
software (ACFS), which is incorporated in the AOCP.
The GSP function is composed of two tables: a condi-
tional branch table (CBT) that monitors the status of the
spacecraft and defines a branch accordingly and a com-
mand memory table (CMT) that executes a command
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according to the branch (Fig. 5). GSP has realized au-
tonomous guidance and control for final descent phase
described in 3.2.
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Fig.5 Overview of GSP function

3.3.3 Simulation result

Fig.6 shows the simulation result of TD with our soft-
ware simulator. The blue and orange plots are sensor data
from LIDAR and LRF. The yellow and light blue lines
are estimation of altitude by on-board navigation and true
altitude of the spacecraft.

The spacecraft descents by GCP-NAV and reaches
around 45m. At 45m, the CBT monitors TM tracking
state and once the TM tracking state change from “NOT
TRACK” to “TRACK?”, the CBT executes state transi-
tion and the CMT issues commands for controlling onto
TM and commands for descending to 25m. Around
25m, CBT monitors LIDAR and LRF altitude and the
difference of altitude both is less than 3m, the CBT exe-
cutes state transition and the CMT issues commands for
changing the altitude sensor from LIDAR to LRF. After
conversion of position control at 25m, the spacecraft de-
scents to 8.5m.

Fig.7 also shows the simulation result of CCD address
X and Y of ONC-W1 (the red and blue lines). This graph
indicates the TM is visible the edge of field of view of
ONC-W1 at first. After tracking TM, the spacecraft
moves onto TM at 45m (the red and blue lines are around

256 that is center of view). At 8.5m, the spacecraft con-

trols to above TD position (the red and blue lines are sep-
arated from center of view). After controlling the position
and attitude of TD, we can see the descent delta-V is ex-
ecuted and after detecting the TD, the ascent delta-V is
executed. We can see the result of simulation is very sim-
ilar to the flight data that explained the following section.
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Fig.6 Simulation result of TD
(Time history of altitude)
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Fig.7 Simulation result of TD
(Time history of ONC CCD address)

4. Flight Results

4.1 First Touch-Down

On February 22, 2019, Hayabusa2 departed its home
position at 20 km above the asteroid and descended to-
wards the surface, arriving on schedule at its pre-land-
ing position, 45 m above the TM at 22:07 (UTC).

Fig. 8 shows the history of the CCD addresses of the
TM measured in X and Y coordinates as viewed from
the ONC-W1 (yellow cross shows address X and blue
cross shows address Y) and of the altitudes obtained
from the LIDAR (blue dots) and the LRF (orange dots).
To begin with, a TM was captured at the edge of the
ONC-W1’s angle of view at an altitude of 45 m. The
spacecraft used autonomous control to move to a posi-
tion directly above the TM, thereby moving the TM to
the center of the angle of view. While maintaining its
position directly above the TM, the spacecraft de-
scended to an altitude of 8.5 m as showed in Fig.9. At
8.5 m, the spacecraft moved to a position directly over
the landing site as determined by the relative positions
of the previously dropped TM. After changing the atti-
tude to the touchdown attitude, we initiated descent con-
trol and detected TD at 22:29 (UTC).
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Fig.8 Flight data of first TD operation

Fig.9 HayéBusaZ hovering at 8.5m from Ryugu':sﬁr'faﬁce-

4.2 Sequence Changes by Guidance Sequence Program

After first TD, there were other surprise as well. Dust
blown up from the surface during the first landing
caused the performance of the ONC-W1, LIDAR, and
LRF to deteriorate, forcing us to adjust the TM visibility
altitude (45m to 35m) and the LIDAR/LRF switching
altitude (28m to 17m). We modified the CBT and CMT
for both functions, which ensured that we were able to
execute the second landing without any problems. As a
result, a large amount of samples has found in the cap-
sule and provided significant keys to the origin of the
solar system and the origin of life on Earth.
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Fig.8 Optical microscope image of samples in capsule

5. Conclusions

We have presented Hayabusa2 onboard guidance
navigation control system, which contributed to two
times high precision TD to Ryugu. This system includ-
ing guidance sequence program (GSP), which flexibly
responds to multiple sequence changes is applicable
many other space activities including the assessment
and removal of space debris, refueling in space, and so
on.

Appendix A (Onboard Optical Navigation)

(a) Basic equations

In order to estimate the positon and velocity of space-
craft relative to Ryugu or TM, we use the Kalman filter.
Basic equations of Kalman Filter consist of time update
and observation update. For time update,

fk = Akﬁ?k + Bkuk (1)
P, = AxP AL + Qi (2)

,where A, is the state transition model which is applied
to the previous state variable X, By is the control input
model which is applied to the control vector u,, P, is co-
variance matrix and Q, is the covariance of process noise.
For observation update,

Ky = P H (H P Hy, + R,)™ (3)
R = X + K (2 — HiXy) (4)
P = (I — KiHy )Py (5)

,where K, is Kalman gain, H, is observation model,
which maps the true state space into the observed space,
R, is the covariance of observation noise.

(b) State Equation

In Final descent phase of Hayabusa2, state variable is
defined the position and velocity in the Navigation Target
coordinate system.

X = ( FSC/NT! 17sc/NT ) (6)

State equation [eq.(1) above] for Hayabusa? is
556:/NT =g/t T AV/NT/At (7
FSC/NT: 17:;C/NT ®

,.where g,yr is gravity in NT coordinate system and
AV,yr /At is control input by RCS.

(c) Observation Equation
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Observation model H,, is determined by relationship be-
tween the state variable and the observation variable.
Fig9 shows the relationship between the position in NT
coordinate system (7s¢,yr) and the altitude observed by
LRF (L). From geometric relationship shown in Fig.9 we
can obtain the following equation.

L= |77L0/NT - 77sc/1\1T| )

NT coordinate system
(Navigation Target)

LRF
measurements -

Fig.9 Spacecraft in NT coordinate system

Same as above, TM’s orientation (i1,s.) is written in the
following equation.

77Z/sc =(FC0/NT - FSC/NT)/ I?CO/NT - FSC/NT' (10)

Using the above as the basic observation formula, we
derive the observation equation whose observation

value is L, nX/nZ(=pX) , and nY/nZ(=pY). If we define

Z* = (L, pX,pY)”, we can obtain the following equa-
tion.

FLO /NT — FSC/NT'
i* = H()?) = (FCO/NT - FSC/NT)X/ (FCO/NT - FSC/NT)Z (11)

(FCO/NT - FSC/NT)Y/ (FCO/NT - FSC/NT)Z

If we write X =X, 4+ 6X, we can obtain the linearized ob-
servation equation. H(X,) = (Hipr  Honc)

Z =H(X,) - X (12)
Hypp =

(=G0 —0)/I7*l =0 —W/IF*| —(210 — 2)/17*]) (13)

2% __) -
= "Lo/NT — Tsc/NT
[7*] = Irpo/nr — Tseynrl

Hoye =
(_1/(260 -z) 0 (xco —x)/(2¢o — Z)2> (14)
0 —1/(z¢o—2) (Yo —¥)/(Zco — 2)*
References

[1]Yoshikawa, M., Minamino, H., Tsuda, Y., Abe, M., Naka-
zawa, S. and Hayabusa2 Project Team, “Hayabusa2 -New
Challenge of Next Asteroid Sample return Mission” Pro-
ceedings of Asteroids, Comets, Meteors (ACM) 2012, 2012.

[2]Tsuda, Y., Yoshikawa, M., Abe, M. Minamino, H., and
Nakazawa, S. “System Design of Hayabusa? - Asteroid Sam-
ple Return Mission to 1999JU3”, Acta Astronautica, 90
(2013), pp.356-362.

[3]0no, G., Terui, F., Ogawa, N., Mimasu, Y., Yoshikawa, K.,
Yasuda, S., Matsushima, K., Takei, Y., Saiki, T., and Tsuda,
Y.,”GNC Design and Evaluation of Hayabusa2 Descent Op-
erations” Proceedings of 32nd International Symposium on
Space Tecchnology and science (ISTS 2019), 2019.

[4]0Ogawa, N., Takei, Y., Yoshikawa, K., Ono, G., Mimasu, Y.,
Terui, F., Maruya, M., Noguchi, R., Hirata, N., Hirata, N., Ukali,
C., Kato, T., Yasuda, S., Matsushima, K., Masuda, T., Saiki, T,
and Tsuda Y,.”Image-Based Navigation of Hayabusa2 using
Asteroid Shape Model and Ground Control Points” Proceed-
ings of 32nd International Symposium on Space Tecchnology
and science (ISTS 2019), 2019.

Page 6 of 6

This document is provided by JAXA.





