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Space Debris Related Activities at JAXA

Ol #— JAXA)
oYAMANAKA Koji (JAXA)
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Space debris related activities at JAXA will be presented. They are, latest research results of the debris transition
model, improvement of debris observation capability from the ground, development status of in-situ micro debris
monitoring equipment, highly efficient hall-thruster system development for effective debris removal,
development status of debris capture mechanism improving its robustness, ground platform for debris capture,
etc. With regard to active debris removal, we have also launched a new partnership-type initiative to encourage
the private sector activities, and have selected AstroScale, Inc. as a partner for Phase 1. JAXA will continue to
contribute to the sustainable use of future space.

This document is provided by JAXA.
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Space Debris Related
Activities at JAXA

Koji Yamanaka
Director, Research Unit I,
Aerospace Research and Development Directorate of JAXA
Feb. 24, 2021

! JAXA's activities on e

o

O As space utilization expands worldwide, threats and risks
posed by space debris become serious issue. Securing the
stable use of space is one of the most important and urgent
concerns of all.

O Japan’s Basic Plan sets Space Policy’s objectives, such as
ensuring National Security in Space and strengthening of
national security ability.

O JAXA's activities contribute to Basic Plan are:
1. Contribution for Space Situational Awareness(SSA).
2. R&D for Space debris threats and risks.

3. Support government in making international standards and
regulations on space utilization.

(February 28 20189, International Symposium on Ensuring Stable Use of Outer Space, JAXA Presentation).
2
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ETS-VII

Launched in 1997

The world’s first unmanned rendezvous
docking experiments in 1998

Have been launched
from 2009

Total 9 flights were successfully
accomplished from 2009.

HTV rendezvous with ISS (Client)
cooperatively utilizing GPS and

precise sensing capability.

Technology Backgraung glAluaRNI

HAYABUSA

Launched in 2003

HAYABUSA2

Launched in 2014

. [ o
Non-cooperative rendezvous with
Itokawa and Ryugu
» Optical Navigation Camera, Light Detection and Ranging,

Laser Range Finders and Fan Beam Sensors supported non-
cooperative rendezvous.

* High efficiency electric propulsion system

This document is provided by JAXA.



FHTMTZE M T B AR AR RIS B JAXA-SP-21-001

Observation Modeling In-5itu Measurement ]

— RN

Capture

Ground Testing '

M Space Debris Monitor (SDM)

»100 um to ~3 mm sized debris under 1000
km orbit

» Flight experienced on HTV-5/ISS

M International Collaboration
> JAXA/NASA Joint Work

» JAXA BBM is ready for Hyper
Velocity Test in the US

Mew SDOM BEM for the collaboration

MNASA

Conceptual illustration of debris monitoring

2A26H (&) 11 : 05~ RIHARBEFEATT UE-SHBBMOR HRIHBEF

This document is provided by JAXA.
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Data Gap

10,000 —
Goldstone radara
[=32.27%)
HUSIR {Haystack radar)
—_ (=307}
E
_
‘é" 2000 —
ta
é 1000 — Da GEP
< HST-WFPC2 (580810 km, 53-09) U.5. Space Surveillance
Hetwark
5T5 (I00x400 km, 95-11)
—
Haystack Auxiliary (HAX) radar (=42.8%)
100
I I I | |
10 pm 100 pm 1 mm 1em 10 cm im 10m
{Boundarles are notlonal)

Particle Diameter

J.-C. Liou, “Risk from Orbital Debris”, RAS Specialist Discussion Meeting on Space Dust and Debris in
the Vicinity of the Earth, 9 November 2018 &V

For the purpose of effective utilization of the orbital environment, the environmental capacity tolerance
of orbital insertions (launch objects) is studied using an orbital debris evolutionary model (NEODEEM),
developed in collaboration with Kyushu University.

Eferibve Humber of Otgects

Effective Number ;3000 Objects Insertlon [550)

2A258 (K) 10 : 20~itBEFT IV AVLWEFHIEONEIR A SFSEDR, KRS
8

This document is provided by JAXA.
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Development of JAXA's Original Baseline File for Debris
Evolutionary Model

»How to develop the baseline file, and evaluation results using the developed
baseline file will be presented.

oD

T Basalrafing 00 | LEO. 114830

=]
1 Mo FH
€22 Naasbrla2t] TLE LECH (13,1211 s b
- 110334 T M B
Wl - 00 e A
. 10T
- B0 | = PRl
- = Pl S,
5 500 E
= Ty
g i
K]
= ¥ oo
o D
E ; po=]
=
Z %0 -4 k
i ! o f/
| =
e : H T
£ [T g
] - 'f_,-'_'_/ —
168 ‘.L
'™ |
'J-‘Lr| 1348
u L JOIM  JAIA DEAE  JOVR JOMA NI1E JINE JISA MITA JIRE JRIR
a R — - = Teui

. .
53 500 TEY 1000 130 1500 1TEO 2000
Adtitude | b

-

Sample results using JAXA's original baseline file

Altitude distribution and debris evolutionary model

2A258 (K) 10: 40~
IAXAMBE®DT T VB FUARAN—RS 1> I 7 1 IIVORFERR, FIRIEE

Concept of optical observation system

By using optical sensors like CCD and
CMOS, and using FPGA and GPU devices,
the optical observation system that
compensates current radar system for SSA
will be developed with relatively low costs.

Number

4 5 6 7 8 9 10 11 12 13 14 15
Magnitude(V)
Detection ability of the basic optical equipment

2A25H (K) 15: 30~ BEHETT UKXFHAUS 5L, HERESE

10

This document is provided by JAXA.
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WLight Curve Observation and Reproduction Experiment Using

Red: Observed light curve [
Green: Simulation 1. PAF face
| the earth. 1

Blue: Simulation 2. Nozzle
e==m . faces the earth.

et = tadigial wnidt

- L = k- J
Fifek FiFsE Fiskd Fidsh Fikek FiWe Feied Free T FHW PR
N e T L]

Comparison between observed light curve and simulated ones

2A25H (K) 16: 40~
5S4 bh—TJ8HiM&EH-2A R/BEFIVZRAVZBIRER, BISHAA

11

2A26H (&) 16: 35~
O/ X MEDFE EZBIE U D VilE#IBD I >0 b LR, BIsES

12

This document is provided by JAXA.
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Hall thruster with internal cathode

Advanced materials and structures
(patents to be published)

* High performance: Isp 1600sec, 65
mN/kW

* Long life: 10,000 hrs, 10,000
cycles(expected)

System friendly: low-plasma oscillation,
high-environmental resistance, beam
divergence~30deg

Cost-effective, low-mass power supply
and flow controller

2A26H (&) 15: 50~
T URECATIZ1IKWIRIR—ILRAS RIS X5 ADRFEFHFE, REE

13

LKA Débris Rendézvus Tes

SATDyn (Simulation Apparatus for Target capture Dynamics)

> Numerical and Physical hybrid simulation system including contact dynamics

> ADR proximity operation simulation with real hardware (nhavigation sensor systems,
capturing mechanics)

> 10m x 7m stroke 2DOF Gantry table with 3x6DOF Robotic arms for the chaser’s relative
motion simulation with external force torque measurements

> Solar simulator (Xe lump) and Full area motion capture system

2A26H (&) 16: 55~
By —45'y MEEBIREET S Y M JA—LA (SATDyn) ORI, EAEZ

14

This document is provided by JAXA.
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W Commercial Removal of Deb
Aiming at the world’s first Active Debris Removal

in partnership with private enterprises
Demonstration of the removal of large space debris left in orbit in two phases

Pl d fi ~
Phase-l Iauncha;:i?/ZO;rZ Phase-" Q20
Key technologies demonstration ADR demonstration

Re-entry

* Non-cooperative rendezvous, .
* Non-cooperative rendezvous,

ﬁ CREEL e R T L e proximity operation, inspection
* Fhase-| * Removal and re-entry of 2nd stage
cemonstratio of launch vehicle
r satellite

Phase-I partner, Astroscale Japan Inc.

2A248 (K) 11: 00~ JAXA BE#¥5>J UMRZERSE (CRD2 : Commercial
Removal of Debris Demonstration) O&#RR, LUTE

15

And much more, stay on-line!!

16

This document is provided by JAXA.
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A02

JAXA BEf Ry FO—0 Bl 2 —I2H1T+5
FHRRDBHECEIT IHFBOR K

Current Activities on Space Situational Awareness at STCC, JAXA

OE% A (JAXA)
oWATANABE Masato (JAXA)

FHBFROBRELLE, Fox 3 EIOLT-OESNL B EA~DEKENE Y S T, HRAEETESL,
L0 N T RITIRLZETERWERR /AL 778705 T, ZOBEEZZ 45— 7T, FH B ITH
1l EIZAR—=ZATFT TV VI G B AR AESTETND, REZEDTERWAL 7T ThD N T BAE IR, MR
LW T2, FHEREOBMR, WIROBHR, KO, #2217 5 F 5 IR L #785% (Space Situational
Awareness: SSA) IZEELREWREZ A 5, ZILET JAXA By N —2H i Z—TliZ. SSA LT
FEEE A=A — R H—DL — K LERAR—AN — R X — DN mbE 2 kAT 7 U HE
BRNEOEERE . JAXA ERERICBAETARAR—AF T VDY AT FE . A2— 25 7 []3EH] H5E
FAZEML C&/z, ABETIE, @BELZDZ 25 JAXA O SSA [ZETHEHLEBAZE - iR P OF SSA ¥
AT NZHDOWTHEA T 5,

Since the inception of space exploration, we have become increasingly dependent on the benefits that come from
satellites, and nowadays, they have penetrated into our civilian lives, making satellites now an indispensable
international infrastructure. While we enjoy this benefit, space exploration has generated the threat of space
debris in orbit. Space Situational Awareness (SSA), which is the understanding of the space environment, object
tracking, and conjunction analysis, is important for the protection and maintenance of satellites as an essential
infrastructure. So far, JAXA's SSA has carried out debris observations using the radar at the Kamisaibara Space
Guard Center and the optical telescope at the Bisei Space Guard Center, orbital determination of objects, risk
assessment of space debris approaching JAXA's operational satellites, and space debris avoidance control
operations. This presentation will introduce JAXA's efforts on SSA and the new SSA system under development
and testing as it enters a transitional phase.

This document is provided by JAXA.
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INAERR Y b — o8l > X —I1H1T 5
FE PO IC BT 2 RN DIRIR
Current Activities on Space Situational
Awareness at STCC, JAXA

Watanabe Masato

Flight Dynamics Team
Space Tracking and Communications Center

Japan Aerospace Exploration Agency

9th Space Debris Workshop
24 Feb 2021

Abstract LKA
I

The objectives of this presentation

To introduce current SSA activities at STCC, JAXA.

Space Tracking and Communications Center

- Conjunction assessment
- Introduction of RABBIT

- Space Debris Observations qﬁ’gz,
- Report the status of future SSA system development ?

L

":L 4
A
o A

i

!

TSUISEKIRIN 2

8 s

This document is provided by JAXA.
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Introduction: Activities on STCC LKA

We are operating spacecraft using ground stations not only in Japan but also around the world.

Planetary Science Mission Astronomy Communications, EarthObservation

. and
6 A Engineering Test
L -
BepiColombo PLANET-C SPRINT-A SOLAR-B g‘i ﬁ GOSAT GCOM-C
(MmO) Tkl

IKAROS HAYABUSA2 i 3

GEOTAIL

GOSAT-2

Usuda = am

Uchinoura

J \’a -
. . Katsuura
e \ . k I Maspalomas
Okinawa Masuda Chile

Hatoyama Tsukuba Sweden Australia
- o .

Introduction: SSA Activities ,54-#44

e
We are the one and only agency in JAPAN

that conducts SSA activities including

observation and orbit determination of |
space objects by optical sensors and a radar
sensor, and collision avoidance maneuvers.

GEO object

LEO object

Reentry prediction for large space debris

" Observation date P
Analysis system .y Optical sensor | =

[ e

This document is provided by JAXA.
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Introduction: SSA Activities

JAXA Satellite

FHITZEWE T BB RE R E B JAXA-SP-21-001

Tracking Station Network

>

N CA DAM, Deorbit

_p|

B|se| Space
Guard Center

Orbit Determination i_ PP out I':ete""y
atellite
24 A4 4 Operation
}l Optical Observation [GEO] |— Team
| [T ] —
Radar Observation [LEO] I P! Observation bata
vl 1 CspoC

[BSGC]

| Reentry AnaIyS|s

Kamisaibara Space
Guard Center

Risk Management

[KSGC]

Conjunction Assessment (CA)
for JAXA satellites

Debris Avoidance Maneuver
(DAM) planning

V)

JAXA HQs

&

CspOC

Deorbit Planning

&
Consultation

|
3

(Combined Space Operation Center)

Conjunction Assessment
.

* We have received high risk alerts as
CDM(Conjunction Data Message) from CSpOC.

* We analyze them and discuss with satellite
operation team.
If the risk is high, we prepare for and conduct
DAM(Debris Avoidance Maneuver).

* We assess the criticality of events using the
probability of collision and days to TCA, and
categorize them into three levels to act accordingly.

* The right figure shows the number of CDMs
and the measures we took last year.

Execute DAM
3

We hold technical
meetings for DAM

per 20 days.
Prepare for DAM

18
We receive a high risk
CDMs (high risk) conjunction information
181 per 2 days.
We receive

* We executed 3 DAMs to mitigate
threat of conjunctions per year.

_ o

Statistics for conjunction assessment towards JAXA satellites
1 Apr 2019 ~ 31 Mar 2020 / the number of satellites: 14

This document is provided by JAXA.
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Conjunction Assessment (continued)
.

Category Classification Condition
* We have enough time to perform DAM by TCA.
Level 1 MONITOR S i e e 2 [
* We pay close attention to the situations.
* Related parties take necessary measures for crisis-management. The first priority is to
Level 2 URGENT decrease the risk of collisions.
* If necessary, we plan and conduct a maneuver to decrease the risk.
* We cannot perform DAM at this level because there is not enough time left or the
satellite has some restrictions. At this point we can not control the risk.
Level 3 CRITICAL . o : ISK- .
* We take all possible measures for crisis-management in order to maintain the operation
of the satellite.

Pc A . First path
1 Level 1 Aft
. . . | | After TCA
We evaluate the risk of conjunction MONITOR
. ThresholdC [f==—+======= -
in terms of both !
1. Probability of Collision and Threshold B 7 ==+ ====="="~ B
2- Days tO TCA. Threshold A F — - -:- ——————————————————— -
L 5
[T~V f < Time
Morning at 5 days First risk management by meeting TCA
before to TCA (Morning at 2 days before TCA) 7

Introduction of RABBIT

T mlorrution dewcribed b the COM asr®y T ]

* RABBIT (Risk Avoidance assist tool based on debris collision proBaBIliTy)

An assistant tool developed by JAXA for decision-making on ) e
debris avoidance maneuver using CDMs provided by CSpOC. b
* RABBIT is a GUI tool based on PCT (Probability of Collision

TCA (time of closest approach)
Position of the satellite / debris
Orbit error of the satellite / debris
Size of the satellite / debris

Contour Tool) that calculates and visualizes collision probability
and closest approach distance by taking the control values in
the cross-track direction as input.

RABBIT

¢ RABBIT has two modes:

¢ Calculator mode
To calculate collision probabilities and miss distance at TCA
corresponding to the CDM(s) and maneuver planning —
information

mode
To visualize the results obtained by Calculator mode

i gl i (el el By BB [ Par Vi)

s,
sty

* Time of the debris avoidance maneuver
* Quantity of the debris avoidance maneuver

This document is provided by JAXA.
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Introduction of RABBIT LKA

When the altitude of debris is lower than that of a satellite

» Consider the debris avoidance operation
based on the right figure obtained 05
by RABBIT :

In order to lower the collision
probability to 1.0E-06 order or less,
recommend the following measures
as a maneuver plan

]

Phasirmg Tima (UTC)
:-1‘_ =2

|-

v’ Maneuver time :

Half a revolution before TCA 05,
v/ Maneuver quantity : 1.0 cm/s 05

] 3 25

TD?::J v (em/smc)

Introduction of RABBIT LA

Soon to be published on the JAXA website

* RABBIT Environmental Conditions

* Prepare the CDM

* Computer specifications is equal to or greater than the following
* OS ! Windows10
* Processor : Intel® Core™ i5-6300U CPU@2.40GHz 2.50GHz
* Installed memory (RAM) : 3.89GB
* System type : 64-bit Operating System

* Need more than 7GB of free space
* MATLAB Runtime : 6.5GB
* RABBIT : 200MB

* Setting of satellite data
* Individual designation of hard body radius is possible

10

This document is provided by JAXA.
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Space Debris Observations KA

Since 2002

— Observations

#
BSGC ,
Okayama Pref.
. - KSGC
Ok Pref.
Bisei Space Guard Center (BSGC) i -
[ Telescopes ] —— Analysis
From 2004 to 2020 Tsukuba Space
Center
Ibaraki Pref.
- Chofu Aerospace
F Center

Tokyo (we are here)

Kamisaibara Space Guard Center (KSGC)
[ Radar]

To migrate to the new system, the radar was taken out of operation in 2020. 1

Current Issues and Future SSA System %4?\_'44”

Current Issue

-Aging System: Both the radar and telescope systems were constructed
more than 10 years ago.
-Low Capability: Current radar can observe only 6% of LEOs in CSpOC catalog.

- SSA analysis JAXA can perform with our own data is limited.

NEW SSA System

~Radar: Newly developing

Enhances capability for LEO debris observation.
=Telescope: Refurbishing . -
Maintains the current capability. 1mtelescope  New radar
=Analysis System: Resiructuring

Enhances the capability for conjunction assessment and re-entry analysis with

the data that will be provided by the new radar and the telescopes.

- Constructing now!

12

This document is provided by JAXA.
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New Radar Concept LKA

Scope

Improving the ability to understand the trajectory of space debris in the low orbit zone (altitude 500-800 km)
where many JAXA satellites are active

Space debris detection of 10 cm or more in diameter at altitudes below 650 km

More than 200-fold improvement in detection capability against current radar at 650 km altitude in comparison

To achieve the above

Adopt a semiconductor capable of transmitting high power and long pulses 17m
Increasing the number of elements in the antenna

(i.e. increasing the size of the antenna aperture)
Increase the sensitivity of the receiver
Adoption of digital beamforming
Hardware configurations

that can be enhanced by later software modifications

Current Radar New Radar 13
New Radar LKA
s e At

Comparison of Current Radar and New Radar

3500 - - -
-Hn:.r.&'u.-xmq et 2089
ki

WaL [ e

2504

20041

1504

Cwoct Mumbar

1000

o —
Q 200 400 800 D00 00O 1300 1400 1600 1800 2000
Pebemn Akoude [k

This graph shows the mean altitude distribution of objects that can be observed by JAXA's current

radar (yellow) and that of the future SSA radar (orange), in comparison to the number of space debris

published by CSpOC as of October 2019 (blue). CSpOC publication includes the number of objects 14
that cannot be observed by JAXA's radar located at Okayama Prefecture.

This document is provided by JAXA.
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New Radar

Aiming to acquire the ability to observe unknown objects

The key technology elements required for unknown object observation

* Scanning Methods for Initial Acquisition in Radar

* Tracking filter

* Integral Processing and Integrated Phase Correction

e.t.c.

The above is expected to be improved through accumulation,
analysis and further study of operational data.

It also has the ability to reflect research results in the system by
improving software.

L% A
e

Scanning

i Y
/ Y
&
e
Tracking

AZ Mechanical Axis Rotation Combined
with Electron Beam Scanning n

Major Specifications and Schedule

Observation capability

10 cm @ (650 km high)

1.6 m @ (650 km high)

RELET # of simultaneousl
ousty Max 30 Max 10
observable objects
Lo . 18th  (1m® telescope) 18th  (1m® telescope)

elzesepe | EIrin I e 16.5th (50cm® telescope) 16.5th (50cm® telescope)

# of managed objects || Vax 100,000 Max 30,000
Analysis # of observation paths
system (eskD 10,000 paths/day 200 paths/day

Observation planning

Automatically

Manually

2016

2017

2018 2019

2020

2021 2022

Basic Plan
on Space
Policy

Construct SSA facilities and an operational framework integrated with MOD,

JAXA and other Japanese governmental institutions.

Preliminary Design //

7]

I
Detail Design

| Integratio Trial
n Test Operation

/ Development

Operation

Now

This document is provided by JAXA.
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New radar will be completed soon

Transmitter hanging operation

New radar will be completed soon

Fixed-point camera video

This document is provided by JAXA.



M| [A~—AF TV —rvayT | HFEDEME 25

New 1m telescope will be completed soon LKA

New radar will be completed’soon

This document is provided by JAXA.
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New 1m telescope will be completed soon

Summary

JAXA works on SSA activities using both our own sensors and
analysis system, and data from CSpOC.

* We observe space debris using optical sensors(1md and 50cmdg) and a
phased array radar for GEO and LEO respectively.

* At the same time, we are developing the new SSA system and will start its
operation from 2023.

* We do conjunction assessment and collision avoidance maneuvers to
defend our satellites against threats of space debris.

* We do re-entry analysis of large space objects using own system.

This document is provided by JAXA.
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Thank you for your kind attention.

.8

Y
There is a movie that summarize our SSA activities. %}1/“‘

44 ClickHere! (U4
https://www.youtube.com/watch?v=zcYE9QJH5_ UY

e

This document is provided by JAXA.
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AO03

JAXABET I BRESESL
(CRD2:Commercial Removal of Debris Demonstration) @& Eik;

Latest updates on JAXA Commercial Removal of Debris Demonstration (CRD2)

Ollist % JAXA)
oYAMAMOTO Toru (JAXA)

IAXA X T 7UBRELFHIFHF R THhE, RISFEFDHT G2 #5522 HREL T
%7 7 VERZESEHE Commercial Removal of Debris Demonstration (CRD2) ) % BR4AL7-, 2D 1r 7 LD B
B = od5, Wl ERBT 7VUBREHENOFEIEE, RIFEENT 7 VREEZE Y RAEL TEMT H1E T
EOTHIETHD, 7=2—ATE U D 2 BERETHRKRSILTCND, 72— 1 ClIHLE BICFET D HARDR
b BB T A S A R A 7D, 72— A I TlE 7 =—X T EFFPHIINz T —7 v b Y
WHIEDNDDREEIT), 72— T O/X—bF—REITIRASHT AR — VREESHL, 7RV
JRH 2020 4 3 AIZBHAES I, BRI ARG DEITL Q0D A ClX, CRD2 O L 72— X
1 70y =7 O EATRIUT DWW TR T2,

JAXA has launched the Commercial Removal of Debris Demonstration (CRD2) program with the purpose of
establishing debris removal as a new business and developing a market by private sector. The program has two
goals: to demonstrate active debris removal (ADR) technology and to pave the way for the private sector to
implement ADR as a business. The program consists of two phases, Phase I and Phase II. In Phase I, the
demonstration spacecraft will approach the Japanese rocket upper stage in orbit to perform proximity operations
and take detailed images. In Phase II, the target will be removed from the initial orbit in addition to the Phase I
mission sequences. Astroscale Corporation has been selected as the partner company for the Phase I, and the
project has been launched in March 2020. The preliminary design activities are currently underway. This
presentation will provide the overview of CRD2 program and the latest updates on the Phase I project.

This document is provided by JAXA.
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JAXA BT J") B E 525 (GRY

Commercial Removal of De_
Demonstration) @ﬁ%ﬁ’lﬁ

9th Space Debris Workshop

Japan Aerospace Exploration Agenc
Toru Yamamoto
Feb. 24, 2021

- JAXA's Activities
on Ensuring Stable U

* As space use activities grow, threats and risks posed
by space debris increase. Securing stable use of outer
space is one of the most important issues.

 Basic Plan on Space Policy of Japan includes ensuring
national security and enhancement of national
security ability as objectives.

e JAXA’s activities include:
— Space Situational Awareness (SSA)

— Contribution to international standardization activities on
space utilization

— R&D to mitigate threats and risks of space debris C) CRD2

This document is provided by JAXA.
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ETS-VII

v Launched in 1997

The world’s first unmanned rendezvous
docking experiments in 1998

Have been launched
from 2009

Total 9 flights were successfully
accomplished from 2009.

HTV rendezvous with ISS (Client)
cooperatively utilizing GPS and

precise sensing capability.
A W

Non-Cooperative Rendezvous ogy

HAYABUSA

Launched in 2003

HAYABUSA2

Launched in 2014

* Non-cooperative ren
Itokawa and Ryugu
» Optical Navigation‘Cémera, Light Detection and Ranging,

Laser Range Finders and Fan Beam Sensors supported non-
cooperative rendezvous.

* High efficiency electric propulsion system

AN i

4

This document is provided by JAXA.
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o
pl

Rendezvous

M Past results

Maneuver

ETS-VII (1997)

Rendezvous and docking
technology demonstration

HAYABUSA/ HAYABUSA2

Small lightweight
propulsion system

ISS approach using
cooperative rendezvous

i

Rezal image Traimed U
Capture Removal
gﬁgg;zvggﬁtime image navigation usin Dedicated capturing mechanism Low power, high total-impulse
- 8 'gatic &  for non-cooperative object electric propulsion
deep learning-based pose estimation 5

=%-B8

o AR-Z-TIIMROFEE 2B REFEEZFLEEL. FLhiB0RILERNEOERHRS
PRERICEBAT DEUEZITS

« REIOOTY T TVEHREVHFHOEIR M IUREY - EX05 R 28159
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AR RARETE  (~2024) REAFR REAETEI AP
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ISiEES 4 77mEse O TR GrnnE) )
J EDLEE BuEFY-—X )
T A 7 S S —— \
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]
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This document is provided by JAXA.
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Commercial Removal
ration(CRD2)

Aiming at the world’s first Active Debris Removal
in partnership with private enterprises

of Debris Demonst

Demonstration of the removal of large space debris left in orbit in two phases

Planned for

Phase-l launch in FY2022
Key technologies demonstration

Astrosale
* Non-cooperative rendezvous,
proximity operation, inspection

Phase-I
demonstration

Phase-ll
ADR demonstration

FY2025~

Re-entry

* Non-cooperative rendezvous,
proximity operation, inspection

* Removal and re-entry of 2nd stage
of launch vehicle

i satellite

Phase-I partner, Astroscale Japan Inc.

Partnership with private sectors.

A new partnership initiative with private sectors.

* As new partnerships with our industries, JAXA will focus on taking an
“oversight role” with all the R&D assets, having partners strongly lead

the system design to fulfill both our technical requirements and their
business strategies.

* This new partnership will give our industries opportunities to advance
their business to an upper stage.

Phase-I partner, Astroscale Japan Inc.

This document is provided by JAXA.
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&

CRD2(c#1} 35 B ERDFEH
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CRD2 Phase-l / Target__ —

+ Target candidates ot [ nto s

. 28932 H2A F8 ALOS
— Real upper stages left in Low
Earth Orblt 33500 H2A F15 GOSAT
. 38341 H2A F21 GCOM-W1
— Domestic upper stages
39771 H2A F24 ALOS-2
— Altitude = approx. 600km for 40 HoAFa7 | Geomct
safe demonstration 43682 HIAFA0  GOSAT-2

10
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CRD2 Phase-I / Service S'pcvif_gn_

* Service specification (H—E X{E#K) is defined in the
document “GKD-2019013 CRD2 (phase-I) service specification”

* Required services:

"= I .
(IR —H—e5
o - : "_‘,,_.,r
. \/ Fixad-point
___Q___“---'-—' _lll. | observation
(1) Rendezvous performance report service (2) Fixed-point observation service
|'\.
<7z e /
!._f . H‘\ i \ : — » i
FA el |
} Fly-around I'I I.",_"I - [apoges & parges
obsarvation
(3) Fly-around observation service (4) Mission termination service

11

CRD2 Phase-1 / Safety Requirement

* In order to limit, manage or avoid the risk or collision upon rendezvous,
proximity and servicing operation, the safety standard "JERG-2-026
Safety Standard for ON-ORBIT Servicing Missions” is defined and
required for CRD2.

General requirements

1 around tf

. P A e clent spscecrat ) * The total system shall be one
......... \ﬂj ) fault tolerant (FT) to the
: S critical event such as breakup.

Hence no single failure shall not
lead to collision, or loss of
mandatory function for proper
disposal.

* Analysis, evaluation and safety
reviews are based on the
system safety engineering
practices. A spacecraft
developer performs hazard
analysis based on its design and
operation.

Sample trajectory in the far field Sample approach path into XOZ

Basics in trajectory design

In the far field, the servicing spacecraft takes
safe trajectory which does not interfere with
Keep Out Zone (KOZ) even in the passive state.
In the closed approach, the servicing
spacecraft comes into the designated
approach path without crossing over the path
boarder.

12

This document is provided by JAXA.



* ADRAS-J: Spacecraft for
CRD2 Phase-I
manufactured and
operated by Astroscale
Japan Inc.

* Wet mass: approx. 180kg

* Full-range rendezvous
and proximity operation
capability targeting a
non-cooperative H2A
rocket upper stage left in : E
orbit N7, Astrosae

13

CRD2 Phase-1 / Mission,

e

. — ?‘ s <
mETIURERNET7T— 1700k
JAXAY —E R {115 A¢ z -

T 7 VEEREICHT 3EEOERY—EX
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Astrosale

eparture
Through orbital maneuvers, the Chaser will break away from Target
proximity, move to an orbit below the Target, and end the mission.

Astrosale

14
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CRD2 Phase-1 / Milestoness

* Four milestones are defined

* For each milestone achieved, a pre-determined amount is
paid

* The final milestone payment (Milestone 4) is more than
25% of the total payment

* Launch: FY2022

MS1  MS2 MS3

A
Launch

Preliminary Design Critical Design Manufacture, IAT

Milestone review 3
(PQR, Launch Readiness
Review included)

MS4

Milestone review 2
(CDR included)

Milestone review 1
(PDR included)

Milestone review 4
(Service results)

CRD2 Phase-l / Concept of Operation

First-aim point

b
*_§§ / $‘ T
A
757_ Target ground observation

[Launch and Early Operation (LEOP) &
commissioning]
The Chaser is inserted into its initial orbit
and initial checks of functions are
performed. The initial orbit is determined

[Rendezvous]

By executing orbital maneuvers, the phase angle,

orbital altitude and orbital plane of the Chaser is
matched to that of the Target, and the Chaser
arrives at the first-aim point behind the Target.

[Proximity approach]
Through relative navigation using the
Chaser’s optical sensors, the Chaser
approaches to behind the Target. In this
process, IRCam and LiDAR navigation will be

based on the phase angle of the Target at

demonstrated in orbit.

the time of launch.

[Proximity operation]
Fixed-point observation and go-around observation of the Target, and
testing of final approach to the PAF section of the rocket upper stage
is conducted. In addition, if there are surplus resources, extra mission
will be carried out.

Departure

lﬁ%

[Departure]
Through orbital maneuvers, the Chaser will break away from Target
proximity, move to an orbit below the Target, and end the mission.

This chart provided by Astrosale |16
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CRD2 Phase-| / Miles-

-

* Preliminary design has been
conducted

— Concept of Operation design

— System/Subsystem
requirement definition

— System design
— Subsystem design

— Test and verification of COTS COTS rendezvous sensor BBM test
rendezvous sensor BBMs at the JAXA SATDyn facility

— Safety design o & Astrosale

— Manufacture, integration,
assembly and test planning

* Milestone 1 review is
currently underway

Preliminary design ofnavigation system for nofi;‘cooperative
target with multiple types of COTS sensors

17

* As a result of Phase-l,
establishment of
technologies for full-range
rendezvous and stable
proximity operations with
space debris is expected

* In parallel, JAXA is
conducting R&Ds on the key
technologies required for
Phase-ll

* The activities of CRD2 will
continue for sustainable
space activities and creation
of new on-orbit services

18
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AO4

JAXA R R— R 7T 1) AR IEAREE IMR-003 D= HTiK:
Status on JAXA Space Debris Mitigation Standard JMR-003

Offcff fE—, 1—H T3, HKE # JAXA)
oSATO Kenichi, NITTA Kumi, YOSHIHARA Toru (JAXA)

JAXA 1Z 1996 HF\THRAIDAR—AT 7 VIAR IEFEUER Il 8 L CLARE, Bl A & 2 Gl B A 1
DUEZHED TS, ISO 24113 AN—AT 7 UEJRE R AN H S TLARRIL, 24113 OEUEIZEDHE T JAXA
FERETIHD IMR-003 DI ED FEHL TV D, 2019 4EI1Z ISO 24113 235 3 il 72 o7, ZAUTITAEO#IE R
B A ML= OB 2 & AT, ZNHOHLWEFEE IMR-003 [ZEIAA TE T 5%
FhE L7z, HTLVY IMR-003 (ZI, FEHTHE - 1 NLTE 5 A B OE R #& T % OBEZER ISR 0.9 LI Lo
. T 7V AT A AR OE LR R OFAN, vy N E R O LSO 2 OBEREE ATV D, R
TIE. IMR-003 (ZH72 SN2 BT OBEE I SV THEAT 5,

JAXA has been working on the mitigation of space debris since 1990s, and since the first space debris mitigation
standard was established in 1996, the standard has been revised appropriately based on the latest study. After the
ISO 24113 space debris mitigation requirement was published, the JAXA space debris mitigation standard JMR-
003 has been revised in line with the revision of ISO 24113. In 2019 the third revision of ISO 24113 was
published. This includes new regulations reflecting the deterioration of the orbit environment in recent years,
and a study was conducted to incorporate these new regulations into JMR-003 and revise them. The new JMR-
003 includes various requirements such as achievement of a probability of successful disposal of 0.9 or more
after completion of operation of the spacecraft or launch vehicle orbital stage, evaluation of debris/meteoroid
collision probability, and strengthening of launch vehicle-related regulations. This presentation includes the
explanation of the regulations newly added to JMR-003, the discussion within JAXA when incorporating
regulations, and the explanation of the standard revision process within JAXA.

This document is provided by JAXA.



40 FHAZETIE P BRI JAXA-SP-21-001

Status on JAXA space debris
mitigation standard JMR-003

Japan Aerospace Exploration Agency
Safety and Mission Assurance Department
SATO Kenichi, NITTA Kumi,YOSHIHARA Toru

@ In July 2019, ISO 24113:2019 Space systems- Space debris
mitigation requirements was published which includes some new
requirements.

@ A working group for JAXA Space debris Mitigation Standard (JMR-
003) which includes Japanese manufacturers and operators
discussed how to reflect new requirements of ISO 24113:2019.

@ |n September 2020, new JMR-003D was published.

@ This presentation introduces overview of the JMR-003D.

JMR-003D is available in the following site. (Japanese only)
http://sma.jaxa.jp/TechDoc/

Old version JMR-003C is available in English site.
http://sma.jaxa.jp/en/TechDoc/index.html

This document is provided by JAXA.



M| [A~—AF TV —rvayT | HFEDEME 41

nch vehicle-relatediobject

au

The revised parts are shown in red.

5. Planning and implementation of the space debris mitigation measures

5.1 Minimizing the objects released during normal operations

5.1.1 Limitation of released components, parts and its fragments

(1) As a general rule, the total number of launch vehicle-related objects (launch
vehicle orbital stages and other payload support structures, etc.) left in orbit
after launch shall be limited to one for the launch of a single payload and two
for the launch of multiple payloads.

[Rationale of update]

Since the launch vehicle-related debris remaining in orbit has a large impact on
the orbital environment, the regulation on the number of objects was adopted in
accordance with I1SO 24113:20109.

[Additional note]

Violation of the number of objects may be acceptable if the on-orbit collision risk
and the ground casualty risk is lower than in case of smaller number of objects.

in LEO prbtected region

mit

5.1.2 Suppression of combustion products from pyrotechnics and solid motors

(1) Pyrotechnics, except for solid rocket motors shall be designed and used so as
not to release combustion products and fragments larger than 1 mm in their
largest dimension into Earth orbit.

(2) Solid rocket motors shall be designed and operated so as not to release slag
larger than 1 mm into GEO protected region and LEO protected region. It is
evaluated on a case by case basis when the effect on GEO protected region by
released products is limited due to its trajectory such as moon, planetary and other
missions with highly elliptical orbit.

Note: The main aim of this requirement is to limit the generation of slag debris
ejected into GEO protected region and LEO protected region during the final phase
of combustion. Slag debris is potentially hazardous to space operations due to its
size, number and orbital lifetime. This is particularly the case when slag debris is
ejected into a high orbital region where it can pose an impact risk for a long
period of time.

This document is provided by JAXA.
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[Rationale of update]

€ The requirement was proposed by I1SO based on the ESA's space debris
environment model (MASTER). This model shows SRM slag is major contributor on
space debris population in LEO.

@ Besides, NASA standard does not require limitation of SRM slag because their
environmental model (ORDEM 3.0) shows different characteristics on SRM slag.

@ Although NASA and ESA have different evaluations, JAXA decided that the SRM
slag limitation is appropriate and adopted the requirement in accordance with ISO.

@ JAXA just started developing slag less solid motor.

LE-02 Expl-Fragm [1/km"3)

Launch/Mis [1/km*3

NaK-Drops [1/km"3 ——SRM-Slag [1/km"3] +—SRM-Dust [I/km"3

[Additional note] g TPAmTk P
Slag emission is possible if the
orbit is sufficiently low (for
example, below the inhabited

MmN,

AT

spatial density distribation (1/km*3]

orbit). L= /
If slag emission is beyond the e =

inhabited orbit, the risk should T EH SR —

be evaluated each time. BB == i mo o e N 5D @0 o

1800 2000
Altitude [km]
Figure: Spatial density of each debris with respect to altitude (number per km 2 3), SRM-Slag is a
solid motor slag. (Source: ESA Environmental Model MASTER2009)

4

5.2.3 Prevention of break-ups caused by a collision with orbital objects

5.2.3.4 Improvement of visibility from the ground

Improving the visibility from the ground and improving the orbit determination
accuracy is effective for improving the accuracy of conjunction analysis and
collision avoidance. For this reason, especially for systems that have potential
problems with visibility, should be considered adding optical or radio wave
reflection means, or transmission means.

[Rationale of update]

For the conjunction analysis and the preparation of the collision avoidance plan,
it is desired that the orbit determination accuracy of both the satellite in
operation and the approaching object is high. Specifically, it is conceivable to
mount a laser reflector or the like on the system. e —

This requirement is unique to JAXA not in ISO.

MLFUN (DM modsl)

(Source: Status Report of Tanegashima SLR Station (GMSL) and
Developing Status of JAXA’s Next SLR Station, ILRS Technical
Workshop 2019)

This document is provided by JAXA.
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2.4 Evaluation of probability of brea‘k-u/ps caused by a collision

5.2.3 Prevention of break-ups caused by a collision with orbital objects

5.2.3.5 Evaluation of the probability that space debris and meteoroid will collide
and cause complete break-ups

(1) When determining the orbit, size, mass, etc. of the spacecraft in the early phase
of spacecraft development (for example, the conceptual design phase), the
spacecraft body and major large components (service module, payload module,
solar array paddle, large antenna etc.) shall be evaluated the probability that space
debris or meteoroids will collide and cause complete break-ups during operation.
(2) The probability that the high-pressure vessel and propellant tank of the
spacecraft will be completely broke by small space debris and meteoroids shall be
evaluated, and if necessary, their arrangement and protection design should be
considered.

[Rationale of update]

Due to the increase in orbital debris, an evaluation of the break-up probability due to
external factors (collision of debris and meteoroids) was adopted.

[Additional note]

The debris flux model is open to the public by ESA (MASTER) and others. JAXA owns
a debris damage analysis tool (TURANDOT) that incorporates the flux model and can
carry out such an evaluation.

2.75 The target for the prob

5.3 Removal of space systems from protected orbital regions after the end of mission
5.3.1 Basic requirements

After the end of mission, the space system shall avoid the interference with the
protected regions and minimize the possibility of break-ups according to Section
5.2.1. The target for the probability of successful disposal is 0.9 or higher. This goal
is considered to be achieved by complying with the requirements of Sections
5.3.1.1t0 5.3.4.

[Rationale of update]

» The Inter-Agency Space Debris Coordination Committee (IADC) has shown that
the probability of successful disposal (PSD) is required 0.9 or higher for
sustainable LEO environment.

» In the past version of 1ISO 24113:2011, the conditional PSD was defined, but
changed to the nonconditional in ISO 24113:2019

» 1S0O 24113:2019 does not provide a specific calculation formula for evaluation.

» Since JAXA cannot define a formula* for calculating the PSD at this time, we aim
for reliable successful disposal by listing the possible design and operational

measures as requirements.
* In Europe and the US, a quantitative evaluation method based on the reliability calculation of the disposal function is
implemented, but JAXA does not currently adopt the quantitative evaluation method for several reasons.

This document is provided by JAXA.
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A 2.5 Framework for requirements for succes

Design phase

[ 5.3.1.1.1 Preparation of operation termination / extension decision procedure }

[ 5.3.1.1.2 Preparation of disposal plan }

5.3.1.1.3 5.3.1.1.5 531.16 5.3.1.1.7 53.1.1.8
Preparing Reliability of Management of Establishing Impact
disposal disposal on-orbit equipment health assessment
function function operation time assessment and protection
limited items procedures design of space
5.3.1.1.4 (OLIs) required for debris and
Ensuring resources for disposal meteoroid
disposal operations
Ll 531.2.1 Operation phase
5.3.1.2.2 Evaluation of 5.3.1.2.3 Evaluation
Management of remaining life of of the soundness of
propellant for items required equipment required
disposal maneuver for disposal for disposal
. [
[ 5.3.1.2.4 Decision of extension or termination of operation period }
5
[ 5.3.1.3 Confirmation and execution of disposal plan J

4nA 2.5 Framework for requirements for succes

sful dispos

5.3.1.1.5 Reliability of disposal function

For spacecraft, the reliability of the disposal function at the end of the disposal
operation following the planned operation period shall be evaluated in relation to
the reliability prediction work based on JMR-004 “Reliability Program Standard”.
The target value shall be the value determined for each project.

Note 1: The planned operation period is the period guaranteed by the design.

Note 2: If the period from the end of mission to the completion of disposal work is short
enough and the reliability is not significantly affected, the reliability prediction value at the
end of mission may be used for evaluation.

Note 3: The reliability of the launch vehicle is evaluated in the activities based on JMR-004
"Reliability Program Standard".

* Itis not suitable to apply JAXA’s regular reliability calculation method based on
MIL-HDBK-217F to PSD evaluation because it is unreasonably conservative for
this purpose and not showing realistic prediction.

* JAXA still tackle how to quantitively evaluate the probability of successful
disposal based on the reliability. Some option can be considered...

» Change of calculation condition such as temperature.
» Change of reliability database such as FIDES.

This document is provided by JAXA.
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@ A working group of JAXA Space debris Mitigation Standard (JMR-
003) discussed how to reflect new requirements of ISO
24113:2019.

@ n September 2020, new JMR-003D was published.

@ The new requirements in JMR-003D are very challenging because
they have some technical issues such as the SRM slag and the
probability of successful disposal.

@ JAXA will continue to study the reduction of SRM slag and the
qguantitative evaluation of the probability of successful disposal.

10

114 Information on the 11th IAASS Con

» The 11th conference of the International Association for the Advancement of Space
Safety (IAASS), an academic society whose activities aim to promote international
cooperation and technology in the field of space system safety and sustainability, will
be held in Asia for the first time since the establishment of the academic society.

» In the past conference, the participants were mainly in Europe and the United States,
but since it will be held in Osaka, participation from Japan and the Asia-Pacific region is
also expected.

» Recent hot topics include space debris mitigation, space situational awareness (SSA),
and space traffic management (STM).

19-20-21 October 2021 11 th N
Osaka International Convention Center (Grand Cube Osaka) IAASS Conference <)

http://iaassconference2020.space-safety.org/ MANAGING RISK

N SF#FE
Fees: Early Registration Presenting Authors $735 (YEN 80000) - @ p—
I.l'|1 E, F\l - ¥ . %

Early Registration non-IAASS members $870 (YEN 95000)

(Early registration include the first day luncheon and the Gala Dinner)

htip:/fiaassconforence202 1. space-safely.org

Inquiries: yoshihara.toru@jaxa.jp

11
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Thank you for your attention!
And any questions or comments?

Back up

13

This document is provided by JAXA.
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.{,}%A Monitoring and Managing items (Example)

5.3.1.1.7 Establishing equipment health
assessment procedures required for disposal
-Batteries

-Generated power from solar array paddle
-Pressure of gas tank

-Thrusters

-Electric power consumption
-Communication

-Attitude orbit control

-etc...

5.3.1.1.6 Management of on-orbit

operation time limited items (OLIs) 5.3.1.1.4 Ensuring resources for
-Wheels disposal operations

—Thruster valves - The amount of propellant remaining

-Batteries

-Paddle driving mechanisms
-Other mechanical devices
-etc...

This document is provided by JAXA.
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A0S

Space Debris Related Activities in Russia
oVladimir Agapov (Astronomical Scientific Center)

Astronomical Scientific Center (ASC), JSC since 2010 has being developing and operating optical
observation network around the globe, including the dedicated network of telescopes for
ROSCOSMOS. More than 40 telescopes collect daily about 180-210 thousand of measurements for
more than 9000 space objects in GEO, MEO and HEO. ASC analyze those data to identify new objects
and maintain the orbits of existing objects for ROSCOSMOS. The network is capable to detect and
track objects as faint as 18.5-19th magnitude at GEO distance. It had quickly identified the debris
clouds created in three fragmentation of Atlas 5 Centaur R/B in GTO in Aug 2018, Mar and Apr 2019
(see Figure 1). Quality of measurements permits to maintain GEO, HEO and MEO orbits for larger
space objects at the accuracy level better than 200-300 m in normal mode and ca. 50-60 m in the
special mode. The detail of the network, its outcomes and other space debris related activities in
Russia will be discussed in this talk.

2009-04 78 fragmentation cloud 2018-0798 fragmentation cloud

s

2U014-0058 fragmentation clowd

Figure 1. Three debris clouds identified by the Roscosmos optical observation network.

Biography

Vladimir Agapov

Vladimir Agapov is the Senior Research Fellow of Keldysh Institute of
Applied Mathematics, Russian Academy of Sciences and Designer General
of the Astronomical Scientific Center, JSC. For many years he was working
as a leading expert of the Russian delegation on space debris, LTSSA, STM
and SSA in COPUOS and other international fora. His research interests
are space flight mechanics, SSA, STM and international space law. He is
the author of over 150 scientific papers. He is also the member of the
Working Group 1 (space debris observation) of the Inter-Agency Space =
Debris Coordination Committee (IADC) F:'

This document is provided by JAXA.
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Space Debris Related Activities in Russia

Vladimir Agapov
Astronomical Scientific Center, JSC

agapov@ancprotek.ru

9th Space Debris Workshop
JAXA, 24 Feb 2021

Major Space Debris Related Activities in Russia

« Regulatory and organizational
 Space debris modeling

 Optical and radar observations
* Protection and mitigation
« Situational awareness

« Space operations support, including conjunction
assessment

 Space debris removal

©)

This document is provided by JAXA.
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Model of space debris distribution and evolution
(research conducting jointly by KIAM and TsNIIMash)

Evolution of direction of normal to orbital planes for space objects residing in or
crossing GEO protected region (2005 — 2023)

e L e, .

I
[
L

M e/

it

Statistical approach to description the space debris spatial distribution
Distribution of valuable parameters represented as normal distributions mixture

f(a,ei,Q, f(rxv,a) —>ZN(qi, (o))

Advantages of the approach:

+ information on distribution by latitude is preserved (essential for objects in high orbits)

» compact description of objects grouping in selected phase space (independent
calculation of flux for each group — components of the mixture)

» auniversal tool for approximating complex distributions of the orbital parameters of
space objects s

Model of space debris distribution and evolution
(research conducting jointly by KIAM and TsNIiMash)

g

Comparison of distributions provided by the improved model (top) and calculated
based on information taken from orbital catalogue (bottom)

7%

This document is provided by JAXA.
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Model of space debris distribution and evolution
(research conducting jointly by KIAM and TsNIIMash)

Sum of spatial densities of distribution of space objects for each group describes
the complete distribution of all space objects

Resulting distribution highly depends of latitude and longitude for objects in high
orbits (due to uneven distribution by Q, unlike LEO)

Russian Civilian Observation Networks and Facilities

* Automated Warning System on Hazardous Situations in Outer
Space (ASPOS OKP) with a network of dedicated optical
observation facilities — operated by ASC for ROSCOSMOS

* Network of optical observation facilities owned and operated
by Astronomical Scientific Center (ASC)

* Dedicated optical observation facilities operated by various
organizations in partnership with KIAM RAS (ISON)

* Observation facilities operated by other scientific institutes
(CrAO, INASAN — optical, ISTP RAS — optical and radar) and
universities (MSU, KFU — optical) supervised by the Ministry of
High Education and Science

» Optical observation facilities operated by industry organizations
(Vympel JSC, NPK SPP)

This document is provided by JAXA.



M| [A~—AF TV —rvayT | HFEDEME 53

Operational network of optical facilities of
ASPOS OKP (ROSCOSMOS)

Pico dos Dias (Brasil) Nauchny Abrau-Dyurso Kislovodsk Byurakan (Armenia) Blagoveshchenck Ussuriysk

EOP-1 (4 facilities) EOP-2 (2 facilities)
Each facility includes Each facility includes
2 telescopes with 19 cm aperture 4 telescopes with 19 cm aperture
1 telescope with 25 cm aperture 1 telescope with 40 cm aperture
1 telescope with 40 cm aperture 1 telescope with 65 cm aperture

7

ASC Optical Network

Blagoveshchensk

- Moscow # 1
Kislovodsk Control
- E contl i Ussuriysk

| LaSerena

Lesosibirsk

This document is provided by JAXA.
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Current Catalogue of Tracked Objects in High Orbits

As of Feb 23, 2021

. . s Number of tracked

1100 <= T <= 2000 min

GEO e<=0.25 2791
j<=25°
600 <=T < 1100 min
MES e<=0.25 CES
Ha >= 3500 km
HEO e>0.25 5373
Other Not included into the 408

groups above

TOTAL 9005

925 new space debris objects in various high orbits were detected in 2020 by
Russian civilian optical facilities
Yet more ca. 3000 previously detected and tracked objects in high orbits
are considered lost for a while

Objects Population Grow in High Orbits.
Three Fragmentation Events of 2018-2019 with the Largest Number
of Long-Lived Trackable Space Debris Objects Created

Centaur 2009-047B Centaur 2018-079B
fragments (USA) fragments (USA)

Centaur 2014-055B
fragments (USA)

10
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Objects Population Grow in High Orbits

More and more space debris in HEO and GEO

6500
6000
W Atlas 5 Centaur #43652
breakup
5500
¢ Atlas 5 Centaur #35816

5000 + breakup
4500 ¢ Atlas 5 Centaur #40209

Transtage-17 breakup

oreakup

4000 L . . L . L . . L
01/2018 03/2018 05/2018 07/2018 09/2018 11/2018 01/2019 03/2019 05/2019 07/2019

Up to date more than 2100 new fragments of these fragmentations are discovered

Current Distribution of Objects in High Orbits
Tracked by Russian Civilian Optical Facilities

, GNSS and spacecraft
* in Molniya-type orbits
-

‘ GEO spacecraft and
| spacecraft in highly Inclined
I geosynchronous orbits

Inclination vs. Period

This document is provided by JAXA.
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Distribution of Objects in GEO Region (29.11.2019)
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Distribution of Objects in GEO Region (23.02.2021)
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Improved Performance of Telescopes
for Observation of Objects in LEO

Test observations on May 8, 2020 in the “optical fence” mode.
Debris of Fregat R/B fragmentation (range: 1000...3600 km, estimated
size of the smallest observed objects: 5-7 cm) 15

Observations of Small Objects in LEO

Object: SSN 12329 (KYOKKO 1 DEB)
RSC: < 0.0095 m2

Phase angle: 76.0 — 124.4 deg
Range: 2258 — 4070 km

Measured position precision:
1.80 arcsec (10)

Light curve

16
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Achieved Precision of OD for LEO Object
Using Optical Measurements Only

I e |||'|||ﬂ]|1||l|'|r'||I

—m ]

Along-track (3-75 m) Radial (3-17 m)

Cross-tra;;k (3-20 m)
Object: SSN 12138, 394x1448 km, 84°
OD fit interval: 7 days
Achieved OD precision: 5-75 m
Raw measurements precision: 0.2-0.3 arcsec (10) 17

Radar and Optical Facilities by ISTP RAS

Operating frequencies 154 - 162 MHz
Emitted power (per-pulse) 25-3.2MW
Pulse duration 7 70 - 820 ps

s Buls&repetition frequency 244 Hz
Gain i 38dB
Beam-pattern 0.5° (N-S), 10° (E-W)
Scanningrange +30° (N-S)

This document is provided by JAXA.
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Radar Test Observations on Nov 10,2020
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Local time, hours

Scanning heights range: 440 — 600 km
Duration of survey: 18 hours
Number of registered tracks: 342
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Improved lonospheric Propagation Error Model
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Minor breakup example

Apr 8 2019 — Intelsat 29E in GEO
21

Non Space Debris Related Matters

First known for humanity
interstellar comet 21/Borisov was
discovered in August 2019 with a
65 cm telescope by a scientist,
Gennady Borisov, working for
ASC.

He develops modern optical
instruments for ASC  and
supports different observation
programs.

Nine comets and several near-
Earth asteroids — current score of
Gennady’s achievements using
his own telescope which was
built using the same technologies
we are using in ASC.

22
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Thank you for your
attention!

This document is provided by JAXA.
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A06

New Space and the Continued Need for Space Debris Mitigation

oStijn Lemmens (ESA)

The on-going revolution in the way the space environment is used, with ever smaller and more
versatile platforms and the deployment of large constellation, is creating not only opportunities but
also concerns when it comes to assuring the long term sustainability of outer space for operations.
Space debris mitigation, and remediation, requires to use the data being produced by space situational
awareness systems to design technologies to be implemented on space missions, based on a solid
scientific understanding of the environment. At the European Space Agency’s (ESA) last ministerial
council in 2019, its member states endorsed the creation of a Space Safety programme to, among
others, address some of the challenge which are coming up. This includes the development of
surveillance sensors and new data products such as attitude motion, a platform for automated
collisions avoidance operations, technologies to aid safe disposal and re-entry, and a mission to
demonstrate the viability of active debris removal by removing an ESA owned object from orbit. This
is complemented with a research component in ESA’'s Space Debris Office, looking into, among others,
uncertainty quantification and metrics to assess the orbital use of the environment.

This lecture will give an overview of how the changes in the space environment has driven the need
for the new developments in technologies which are taking place at ESA. The focus will be on how the
new space situational awareness capabilities are needed for evolutions in space debris mitigation,
such as the development of rating schemes, and enablers for active debris removal.

Biography

Stijn Lemmens

Senior Space Debris Mitigation Analyst

Space Debris Office, European Space Agency

Stijn Lemmens graduated from the Catholic University of Leuven, Belgium, with a degree
in Mathematics in 2009. He started his career at the European Space Agency two years later,
at the space debris office in Darmstadt, Germany, after discovering the technical and legal
problems associated with active debris removal. After working on software engineering and
various scientific investigation related to space debris, his current duties involve running
and coordinating activities on the boundaries between technology development, modelling,
and observations to the advancement of space debris mitigation and remediation. He is
actively involved in international bodies dedicated to standardisation and advancement of
the field, currently chairing the Inter-Agency Space Debris Coordination Committee's working group on
mitigation, and taking the next steps towards sustainable space operations in an ever more congested space
environment.

This document is provided by JAXA.
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New Space and the continued
Need for Space Debris Mitigation

Stijn Lemmens
Space Debris Office, European Space Agency
9th JAXA Space Debris Workshop, 2021-02-24

+ THE EUROPEAN SPACE AGENCY

Mathematician by education, turned general
“space” engineer after finding out about Active
Debris Removal concepts.

With the European Space Agency’s Space
Debris Office since® 2011, first as software
developer, since 2015 as space debris
mitigation analystg'now as senior analyst
involved technology developments and
working towards'space sustainability.

Role: The.development and maintenance of
an infrastructure in support of ESA’s
commitment on space debris mitigation and
risk reduction for ESA and its member: states
(and the'world at large). Chair and member of
international bodies related to space debris
mitigatiomand space traffic management.

AN ¥

I -_— _'_ + a -] _— + THE EUROPEAN SPACE AGENCY
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Abstract esa

The on-going revolution in the way the space environment is used, with ever smaller and more versatile platforms
and the deployment of large constellation, is creating not only opportunities but also concerns when it comes to
assuring the long term sustainability of outer space for operations.

Space debris mitigation, and remediation, requires to use the data being produced by space situational awareness
systems to design technologies to be implemented on space missions, based on a solid scientific
understanding of the environment. At the European Space Agency’s (ESA) last ministerial council in 2019, its
member states endorsed the creation of a Space Safety programme to, among others, address some of the
challenge which are coming up. This includes the development of surveillance sensors and new data products
such as attitude motion, a platform for automated collisions-avoidance operations, technologies to aid safe
disposal and re-entry, and a mission to demonstrate the viability of active debris removal by removing an ESA
owned object from orbit:” This is complemented with a research component in ESA’s Space Debris Office,
looking into, among others, uncertainty quantification and metrics to assess the orbital use of the environment.

This lecture will give an overview of how the changes in the space environment has driven the need for the new
developments in technologies which are taking place at ESA. The focus will be on how: the new space
situational awareness capabilities are needed for evolutions in space debris mitigation, such as the
development of rating schemes, and enablers for active debris removal.

+ THE EUROPEAN SPACE AGENCY

Overview esa

New Space, the ongoing evolution of how we use the near Earth environment and
its implications.

European Space Agency’s Space Safety programme. Focus-points for debris
mitigation and research.

What is'next? From changing environment to new technologies and active debris
removal (, back to measuring the impact).

+ THE EUROPEAN SPACE AGENCY
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New Space: Changes in the Environment

Large Lean,

9 agile,
Complex, ;
o commercial
institutional

Constellations:of-a-single-mission
(>7000'LEO: satellites)
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Realities on orbit #1
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Realities on orbit #3: changing LEO usage trends esa

Payload Launch Traffic into 200 =hy= 1750km Payload Launch Tralfic into 200 = hp=s 1750kM
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Realities on orbit #4: Use of constellations

Constellation Objects
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Realities on orbit #6: Fragmentation trends
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Realities on orbit #6: Collision avoidance in LEO

Payload-related debris

Satellites (& constellations)

100 : Payioad Launch Traffic into 200 shss 1750 km
1
1 ! 1
1 o= 10 kg

i H 12001 oo 10 kg « m 5 100 kg
@ 80 A H : 100 kg < m < 1000 kg
S H ! 1000 4 E=3 m o 1004 kg
e i ! -
> —
£ 607 i ! "
o H 1 4
S i * ]
) -]
g 40 i 3
3 - E
S z
[
& 20

2015 2014 2017 2018 2019 2020 1550 1570 1980 1990 2000 010
Year Lawnch Fear
Rocket-related debris
11
= 1l e 22 = 4 I = = T Il =S SR == BBl T IS EOE oDl » THE EUROPEAN SPACE AGENCY

Space Debris Mitigation Objectives: Sustainability

" Prevention of

on-orbit collisions STANDARD 24113

Post-mission disposal

Minimisation of the potential
for on-orbit break-ups

Lim'| ation of on-ground risk
due to re-entry

+ Limitation of debris
released during
normal operations

INTERNATIONAL ISO

Space systems — Space debris
mitigation requirements.

Sysemos sptinux — Exigoncesde mitgaton des déi spatsux

12
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Post mission disposal: GEO Payloads

Payload Clearance near GEOapc

I No Attempt I Mo Attempt
mmm Insufficient mmm Insufficient
Attempt Attempt
B Successful @ Successful
I Attempt Attempt
=z | g
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2 | E
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1999 2004 2009 2014 2019
End-of-Life Year 1999 2004 2009 2014 2019
End-of-Life Year
----------------- 90% success rate requirement
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Post mission disposal: LEO Rocket Bodies

Rocket Bodies Clearance in Low Earth Orbit

Rocket Bodies Clearance in Low Earth Orbit (exl. Naturally Compliant Rocket Bodies)
100 0o
80 4 50 4
F o0 o
2
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U gomp |a;n‘ 40 4 = Attempt
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20 1 Insufficient Attempt
B ttempt 20 1 I No Attempt
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o SUCCESS ra qu
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Post mission disposal: LEO Payloads

Payloads Clearance in Low Earth Orbit

100 Payloads Clearance in Low Earth Orbit (exl. Naturally Compliant Payloads)
T 100 ..
Iridium
80 4 80 4
g ° T 60
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g 40+ L] I 2 Successful
[v] gomplla:t‘ 8 404 = Attempt
- Att?w?;i ! Insufficient
20 A Insufficient Attempt
B \ttempt 20 A I No Attempt
[ No Attempt
1992 1996 2000 2004 2008 2012 2016 0-
EOL year 1992 1996 2000 2004 2008 2012 2016
EOL year
----------------- 90% success rate requirement
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Post mission disposal: LEO Payloads

LED owephasces (Pevisnty, BOL § 1504, o1 106 LEO compliances (Payloads, EOL=2010, 10 <ms= 100 kg)

awo B CD: Compliant with direct re-entry

newrs E= CWFB: Compliant with attempt where the destination orbit

would not have been compliant (with False Before)

mEm CWTB: Compliant with attempt where the destination orbit

would have been compliant (with True Before)
mm CWO: Compliant without an attempt
newo Il NCWFB: Not compliant with attempt where the destination orbit

would not have been compliant (with False Before)
i load: ks i load: ki .
LEO compliances (Pay! m;eol.;zmo, 100 <m= 1000 kg) LEO compliances (Pamym s, EOL=2010, m> 1000 kg) mm NCWTB:

[

Not compliant with attempt where the destination orbit

would have been compliant (with True Before)

s mm NCWO: Not compliant without an attempt.
Worst 12% small
performance objects left in
(compliance = long-life orbits
35%) in the 10- with no
1000 kg range manoeuvre
| capability 16
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Since 2020: 1 Space Safety Programme, 5 Areas

|
svecs weatner tomzzen g

n In-Orbit Servicing/Removal Mission

E_
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Space Weather service
development
Hosted instruments

NEO sensor development
Operational impact warnings

» Debris Processing S/W, laser tech.
« Mitigation technology
« Environment Impact Assessment

18
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8@ S2P Core - Debris Technologies

Initial version )
Space Situational Awareness software developments Baselines
Community Approach for Processing Software -

Breadboard Hosted optical Small op(icalo Small optical

pre-studies /\ and test-bedA H instrument payload C/% detection mission detection full
|‘ mission

Space-based optical observations ~ Nosted PL

ESA LRS coop. targets SLRonsmall FEzm
Ranging to large debris /| #+ N O targetsidaylight ==

_ Ground-based laser evolvement

initial tool /\ Attitude catalogueO

Space object attitude characterization

External .
First deployment/\ deploymen Test 0peral|ons<>

Expert Centre development
Impact sensors

Threat detection, Characterisation, Impact assessment

Develop 1t of 2 breadboard radar syst Cheia Tracking Radar
i ] H :
\,'l.-{; = s i
On-orbit and on-ground risk models, Space Debris environment modelling P
2010 2015 2020 | 2025 2030
‘ Baseli 3\
c Mission Implementation Experience I o { —— oo |-n.es 14
S Debris Mitigation Facility
©
;fg” Study results A Operational Implementation
Bl S Envir Impact A
% Momentum transfer Momentum transfer
QE) System study results, LRS with higher gower, (light objects) large objects
& Laser-based momentum transfer 18
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1

Space-based Optical Component

Small-sized space debris characterisation from a
LEO mission (hosted & demo mission)

. Current TRL / Heritage
. Pre-studies (2005)

. Detection algorithm prototyping (mm-sized)

[P p——
Gk e wilrate] ey —i—

1
!
!
1
|

. Phase A mission design (2015)

x L] - -

. Breadboard, test-bed, algorithm risk reduction
. In the pipeline: '
. Engineering model, ground segment,
qualification (“instrument C/D”)

. Flight opportunities for hosted payload to
demonstrate ~2024

. Full mission ~2030

20
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'.f_," S2P Core — Space Debris ‘

Laser Ranging to non-cooperative Targets

Satellite Laser Ranging for non-cooperative targets
for independent detection and tracking of un-known
non-cooperative targets for space object cataloguing

Successful first demonstration experiments are
promising
Need for networking, “stare and chase”
Laser ranging demonstrated during daytime
Support to European technology development

ESA build laser ranging station (LRS) on Canaries
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WIS2P Core — Space Debris
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Laser Ranging to non-cooperative Targets
https://conference.sdo.esoc.esa.int/proceedings/neosst1/paper/116/NEOSST 1-paper116.pdf

Covariance matrix with

2 = 150m » 30m at
TCA

10°* would have to
be applied to reduce
the collision risk by =
O

This leads o about
2 annual manoeuvres
per spacecraft on aver-
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This leads o 0,025 an-
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» The false alert rate is at | The false alert rate is at
09.9% 1058
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Emerging trends: small satellites & trackability issues

Successful identification rate for multi-satellite launches [COSPAR (n)]

A AR 75

Eesa
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Trackability, Attitude, and Identification solutions

esa

1. Radar Passive Electrical Dipole 6. Modulated LED
2. Active Radar Repeater 7. Coloured LED
3. Inverse Synthetic Aperture Radar 5. Modulated Laser
4. Passive Optical Tracking 9. Space Transponder
5. Passive Laser Retro-reflector 10.Radio Beacons
Spin‘ﬂ‘ -
https://cddis.nasa.gov/Iw21/docs/2018/pres
entations/Session6_Wang_presentation.pdf
= IS [ﬁt s [=]
et & whiin gl 1000 3 o Top
, : & 3 yow
L] =8 .
https://digitalcommons.usu.edu/cgi/viewcontent.cg https://www.thorlabs.com/navigation.cfm?
i?article=44518&context=smallsat guide id=2539
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B! S2P Core — Space Debris ‘ Eesa

Re-entry & Impact Safety

Significant knowledge and implementation gaps, and routes to address them, have been established but
not brought to full maturity.

Shape-effect modelling for risk evaluation
Leverage computational and test facilities to close known gaps.
Creation of material and component databases for high risk objects

Demonstration a process based risk methodology aiming to significantly reduce licencing/verification
work by creating databases (MBSE).

Baseline for a generic re-entry break-up instrument

low-cost & generic flight sensors to hook on missions with controlled re-entry or short orbital lifetimes
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Mitigation Technologies: Clean Space

] management
ecodesign of end of life

ENTETETETT A = SFaci i i i | om |

in-orbit
servicing
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26

=l = 4 == C Il SRR @EIIZTEE0E = imiv » THE EUROPEAN SPACE AGENCY

This document is provided by JAXA.



M| [A~—AF TV —rvayT | HFEDEME 77

N
3 Consumption of mm)  Emissions to air
) non-energy natural
- resources =) Emissions to water
—
wd
= Energy mmm) Emissions to soil
tion
s consump! —)
) \Vaste
v Utilisation
i) \ y, \ J
fw
£
fu
(%)
E Mineral resource Fossil resource Global Air acidification Ozone
= depletion depletion Warming Depletion
=

(]

=111l = S i = Il T IS EE =il + THE EUROPEAN SPACE AGENCY

= Il b EE = 4 ] =

Mitigation Technologies: CleanSat

Space Debris Mitigation Requirements

[ DEORBITING ] [CASUALTY RISK] RELIABILITY ] [ PASSIVATION ]
Passive Active . Autonomous .
deorbit deorbit Design for deorbit Propulsion Power
systems systems systems systems systems
Selection of priority building blocks
Electric Fluidic Propulsion
Demisable Demisable Demisable TR P upgrade for De-orbit
TANK RWs MTQ passivationin | | Passivation || “""ooiolied || add-on kit
PCDU Valve reentry

RW: Reaction Wheel

Evolved LEO MTQ: Magnetorquer
Platforms
PCDU: Power Conditioning
and Distribution Unit

28
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Mitigation technologies: software

Space Debris User Portal ~ Home  Tools +  Space Environment Statistics ~ Contact Us

ESA-DRAMA

DEBRIS RISK ASSESSMENT
AND MITIGATION ANALYSIS

https://sdup.esoc.esa.int/

~3000 worldwide users

DRAMA (3.0.4) “The aim of DRAMA is to support the objectives of the ESA Space Debris Mitigation

Requirements by enabling satellite programs in to assess their compliance with the
MASTER (8.0.2) recommendations contained in that document.”

Environment Report

Documentation, support, howto's

+ THE EUROCPEAN SPACE AGENCY

Mitigation technologies: DISCOS(web)

Database and Information System Characterising Objects in Space:

Agency’s single source on space debris data, supporting operations

Partially publically accessible (~500 worldwide users):
https://discosweb.esoc.esa.int
Graphical user interface, targeted to human users
Shares information on:
Objects (incl. physical properties)
Fragmentations, Re-entries
Launches, Launchers and launch sites
Countries and organisations
https://discosweb.esoc.esa.int/apidocs
API available for everyone, Same data as GUI

Enables app development

+ THE EUROPEAN SPACE AGENCY
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Since 2020: 1 Space Safety Programme, 5 Areas

E Space Weather L5 Mission

n In-Orbit Servicing/Removal Mission

= ] ™ H Rl == E =l == =M= 5 I == 4 + = == + THE EUROPEAN SPACE AGENCY

Towards automated collision avoidance systems Eesa

Current approach Known risks and opportunities

Expected increase in conjunction alerts (improved
sensors & constellations)

1
1
1
1
1
1
1
1
|
E s . A arst R E On-going research of techniques such as machine
* ! learning to predict the likely evolution of an event.
o 1
2 wmn ol ' | On-going research of techniques such as uncertainty
| quantification allows to get a better grip on the
o | ' | situation.
1
E ESA released a dataset with collected conjunction alerts
s _am I for researchers to test their algorithms.
. ] :i’ ( "'] :I’\ : https://kelvins.esa.int/collision-avoidance-challenge/data
Flight control Collision E Mg < Rt " | g
team analysts ! ,\._ R '
: F. Pinto et al, NeurlPS, 2020
= Il b E2E = I ™= = " Il — D e @Il TS EE = im vl » THE EUROPEAN SPACE AGENCY
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Collision Risk Estimation and Automated Mltlgatlon esa

1. Automated avoidance manoeuvre decision and design \f\\ ’
robustness, explainability, data fusion, global optimisation ‘ “.a
Vos

2. Development and test of late commanding paths and operations concepts l/
on-ground and in-space processing, platform constraints, ~
data-link constraints, demonstration ~ ~, -

S -

RN -,

3. Means for coordination of operators and catalogue providers ™ ,/
coordination protocols, efficiency, resilience, traceability ﬁ\@

4. Software technologies supporting CREAM
communication protocols, access control, data integrity, validation, encryption

5. Rules4CREAM
simulation and assessment of possible rulesets for Collision Avoidance in STM

= Il b EE = 4 ] =

(]
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Since 2020: 1 Space Safety Programme, 5 Areas

E Space Weather L5 Mission

n In-Orbit Servicing/Removal Mission .

+ THE EUROPEAN SPACE AGENCY
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ADRIOS - De-Orbiting VESPA (2025) Cesa

Capture
Stack Configuration

- Far Range Rendezvous
- Close Range Rendezvous

- Commissioning
- Target phasing

- Launch at 500 km

35

+ THE EUROPEAN SPACE AGENCY

Active Debris Removal: issues

=> Active debris removal with unprepared
target is very challenging... Debris objects spin

Debris are not designed for % ksl it

capture 05 * M‘u ™= 1205
Wpe e R

s ® SIR, inertislspin ENVISAT
® Ughtcunve, apparentspin R e ceflectar

Solar pane

Radar [ASAR] Antenna

Spin rate [rpm])
o
w

® SLA, apparent spin
0.0 H —End-of-mission
2012 2013 2014 2015 2016 2017 2018 2019

Year

Missing Capture interfaces

If not prepared, each satellite ADR
solution would be different

= 0l bm EE = 4 ] ™=
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Active Debris Removal: issues

ENVISAT Tumbling Motion
*  Synchronised motion with high rates
- RCS thrusters sizing

*  Large uncertainty box

Design for Removal

- Markers to Support Navigation (MSN)
2D markers and 3D markers to help relative

- Long robotic arm needed e . - )
navigation (attitude, distance, velocity, etc.) g

: Sizing for torques of robotic interface - Mechanical Interface for Capture (MICE)
+  Complex trajectory planning to avoid Passive interface on satellite for capture X =

appendages

E— L

-  Stabilisation of tumbling motion (FOME)

+  Complex CAM planning
* RdV cameras + scanning LIDAR

. L Short-circuit magnetorquers to detumble at EoL
- No-markers for relative navigation 9 q ﬁ -

-  Passive Identification System (PAIS)

A
LRR embedded in 2D Markers to enhance ground based
attitude reconstruction AW

-

= Il b B2 = - ] ®=

I
I
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In-Orbit Servicing: Enablers

Enabling satellites in LEO/GEOQ for servicing through standardized interfaces / technologies e.g.:
Design for removal for Copernicus/LEO

Design for servicing for GEO satellites

End Effector
g
Berthing Fixture Rendezvous markers for close Gripper (left) and passive standardized
ASSIST - Standardised Pr°x'm(':tyd9P'$T"SE$:SSF/ Ie.s\s//i(/;angmg interface for capture (right)
Refuelling Interface reaits: ol Credits: GMV/AVS
Credits: GMV
=1l b 22 = 4 I = = T JIIl S R e Bl T IS8 | iml« » THE EUROPEAN SPACE AGENCY
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ADRIOS - Mission

ESA Vision for z
On'orblt SeerCIng REI;UELI:ING[ e

AOCS TAKEOVER >

ASSEMBLING

DEBRIS
REMOVAL

RECYCLING /
MANUFACTURING

HUMAN

: EXPLORATION
INSPECTION ASSISTANCE

Short-Term Mid-Term Long-Term
(<2025) (<2030) (2030 +)

e = o M = = g W o f oEm - e » THE EUROPEAN SPACE AGENCY

What is next? Towards environmental impact assessments

Mission types -> Changed , Technologies used -> Changed, The environment -> Changed

How to effectively mitigate space debris in an every changing context?

Distribution of
operational
satellites

Collision
avoidance
strategy

" {Opebris population

Can one measure for each mission or group there-of
How detrimental is it to its orbital neighbours? (short-term, collision avoidance is now a fact of life)
How does it contribute to the Kessler syndrome? (long-term, the raison d'etre for debris mitigation)

=l = 4 == C Il SRR @EIIZTEE0E = imiv * THE EUROPEAN SPACE AGENCY
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What is next? Object impact assessment (interference) esa

I =!'j_:|;) ~\;:;| -+ ‘fﬁ;.’ . p—u

J‘ Collision prnhahllit‘ri | Explosion probability }
{ ‘ (:-;;ll.s.r;.n P_ﬂgﬁ ‘ | Etplnsmn effect ‘ Obi ( .
Debris papu/atfaﬂ : x ject type
Spacecraft size Orbu—/ Distribution of
+ Reliability —. operational satellites
(PMD success rate)
b BT per [ N Al pper £
I, =& J [{a,i)de +J’ e, i)de) ) + (1 —{a) Ia, i)de +Jr Ia,Dde
L, Atgper L Hoper
[ Riski Risk duri
N sl Risk if abandoned
operational phase disposal
7 T i
Collision avoidance EOL design Orbit (lifetime)

Letizia et al, https://conference.sdo.esoc.esa.int/proceedings/sdc7/paper/417/SDC7-paper417.pdf
Letizia et al, https://www.sciencedirect.com/science/article/pii/S009457651930222X B
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What is next? From object to environment capacity

0.0014
0.0012
[
£ - 0.001
K L
g > 0.0008 ui
. 2
i 8  0.0006 = 0.9
1 =
£ S 0.0004 =0s
= <
! s no.1
1 S 0.0002
h 0
Sentinel 1A Sentinel3A  Sentinel 5P
Mission contibuting to 90% of
the added index in 2017
Index
0 0.001 0.002 0.003 0.004 0.005
Iridium Next
Shikisai
- FengyunaD_
‘3 Kosmos-2524
2 J
Sentinel-28  jmmmmm
NOAA20
Observed NoRB Improved PMD PMD +noRB Sentinel-5P 7--
Missions
42
— - = - el — -—
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What is next? Towards environmental impact assessments (éesa
Which is the impact of operating at different altitude “ .gﬂf‘ﬁ!.
from the space debris point of view?

(e.g. for large constellations) '

A

S
Which is the impact of having/not having propulsion
capabilities?

[

R

[ 20100  Oebrisinden |
Which is the impact of implementing a mission with a p—
single large satellite vs a fleet of smaller ones? l P | 051

years Pw;uﬂm_

Which is the impact of using passive disposal ,,70; 982 ZE,
systems? km deg ke

S eI wE SIS = e @ TEEE =i > THE EUROPEAN SPACE AGENCY

Concluding remarks esa

New Space, the ongoing evolution of how we use the near Earth environment has
implications:

. Increased focus on operating in a-congested environment: improved/additional
sensors such as laser ranging and automated collision avoidance.

. Adoption of space debris mitigation requirements are still too low: Investment into
technologies to improve compliances for all.

. The environment changes faster than the mitigation counter-measures: need to
become adaptive, rather than reactive, by quantifying impact and interference.

+ THE EUROPEAN SPACE AGENCY
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THANK YOU

European Space Agency

This document is provided by JAXA.
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AO7

Brief Overview of the Current Status of Space Traffic Management

oChristophe Bonnal (CNES)

Following the drastic increase in orbital population observed since numerous years now, three key
organizations have decided to join their efforts in order to come out with a good synthesis of the
situation associated with clear recommendations to deciders, at international level.

IAF, International Astronautical Federation, 1AA, International Academy of Astronautics and IISL,
International Institute of Space Law, have signed a joint MOU on the subject of STM, Space Traffic
Management, asking for a clear presentation of the situation, the lacks, and the solutions within a
couple of years.

The most modern topic today is linked to STM, Space Traffic Management, with variants stemming
from SST, Space Surveillance and Tracking, SSA, Space Situational Awareness, with variants linked
to SEM, Space Environment Management which includes actions such as ADR Active Debris Removal
of JCA Just-in-time Collision Avoidance.

Adedicated IAF Technical Committee, TC.26, has started to deal with this important global topic. Some
23 sub-topics have been identified, each with a dedicated working group specifically devoted to it,
coming from a very wide span of geographical, gender and generation origins.

The paper will present the status of this international effort, detailing the current achievements and
expected calendar.

Biography

Christophe Bonnal

Christophe Bonnal, Senior expert at CNES Launcher Directorate, in in charge of
Space Debris topic since 1987. He currently chairs the IAA Space Debris
Committee and the IAF TC.26 STM Committee. Member of IAA, AAE, AIAA,
3AF, he is French delegate to IADC, ECSS and ISO.
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JAXA Workshop — Feb. 24, 2021

Christophe BONNAL AAE, IAA, AIAA, IAF, ISO, ECSS

Context

* Rapid increase of the orbital population
¢ 34000 objects larger than 10 cm (ESA Master)
e 22300 cataloged objects (Space-Track)

% =66% of the > 10 cm population

B o S

« Collisional energy of a 10 cm Steel debris = 500 MJ -

e = 2700 active satellites including 2000 with propulsion

¢ Active satellites = 12% of the cataloged population

<« Maneuvering satellites = 9% of the cataloged population
= 6% of the larger than 10 cm population

* Potentially critical evolution, even at short term

« Large constellations of Telecommunication or Earth Observation satellites:

% Already 1,021 Starlink in orbit; 12,000 for 1% generation; 42,000 for 2" generation
<+ OneWeb, Kuiper, ... to come

¢ Large number of small satellites, in general with no propulsion on board, as small as 0,25 U
¢ 264 Flock from Planet

<« 69 Spacebee...

CNES STM — JAXA Workshop — Feb. 24!, 2021

This document is provided by JAXA.
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Context t
-« Cnes - -

Mombre d'objets catalogués en LEO

2000 2010 2021

CNES STM — JAXA Workshop — Feb. 24, 2021 -

Context ¢
o« RS = -

* Major concerns

« Collisions: uncontrolled increase of the orbital population due to collisions between non-maneuvering objects.
Risk of Kessler syndrome = Space Environment Management SEM

* Collisions: loss of active satellites = Space Traffic Management STM (or Coordination STC)
* Atmospheric reentry = SEM and STM

% All require a good knowledge and analysis of the orbital population:
Space Surveillance and Tracking SST et Space Situational Awareness SSA

* Relatively unclear definitions at international level
* Need identified since a very long time: Space Traffic Control (Nagatomo, 1971)
* Numerous initiatives, past or ongoing:
%+ International IADC, UN LTS
++ Standardization ISO WG3, ECSS ad-hoc WG

% Academic world AIAA, IAA, SWF, EPSI, IAASS, SSC, WEF, AAE
% National CNES, ESA, NASA, JAXA...

* These groups are very well coordinated, often with the same experts, converge progressively and appear to
be coherent

CNES STM — JAXA Workshop — Feb. 24!, 2021 -

This document is provided by JAXA.
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Space Traffic Management in France .
- Cnes -

* STM-STC is still an open question: the French Space Operations Act is under revision and will include a
specific focus of the topic

* Definition of the Space Traffic Management: dedicated activity at CNES level
* Numerous definitions in the literature: complex subject
* We did a prospective approach at the horizon of 2030:

<« What are les main objectives of STM?
¢+ What would be the main services provided by the?

* CNES Inter-Direction Working Group

<+ Numerous meetings necessary to reach a convergence and some consensus
¢ Presentation at IAC 2019
* Publication in Acta Astronautica « CNES technical considerations on space traffic management » AA 167(2020)296-301

* High level objectives of STM
* Coordination and optimization of the use of orbital space,
» Safety of populations and ground installations, and of active satellites in orbit,
* |dentification of conditions necessary for a sustainable use of space,
* Definition of common rules for a shared space,

* Management of the physical interferences in orbit:

<+ Coordination of actions for proximity operations, servicing, maintenance, Active Debris Removal ADR
< Collision Avoidance CA

<+ Other interferences, including Radio Frequencies RF, astronomical observations perturbations...

CNES STM — JAXA Workshop — Feb. 24, 2021

Publication in Acta Astronautica .

* Two main domains of responsibilities very distinct: Regulation and Coordination

S5A (55T & Space Weather)

o

OPERATIONAL [ Superwiion, real time status, traffie histosy | |
COORDINATOR
[ dinathon LA
e
Binnkon plan Liwerie & LH ) Flight Licence
Inerlerence | phytlosl or reglaarathon Frequency Licence
“‘ [ —— seeaith statui Appiication '} Eeaitration
sment M
— Epkemeri ki
‘Warnings. & Alert declaration L [T ——— |
Ermaeipendy aislilande P -
e ( commeanen |
] FMANLUEACTURL R
[ Snsetigation |
I | Butes, Standsds, Batl practic os, Application prodeis | REGULATOR
SPACE TRAFFIC MAMNAGEMENT

CNES STM — JAXA Workshop — Feb. 24, 2021
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UNCOPUOS é

* Remarkable work: 21 high level requirements covering the complete domain
LN COPUOS Guidelines on Long-term Sustainobility of Outer Spoce Activities

& Policy and regulaiory framework for space activitles
Guideline & 1 Adcpt. reviee and amend. ar necerary national regulatery Frameworics for cuber wpace activities.
Guideline A3 Consider o sumber o ele=ems mhes developng. revding o amendnag, a5 Seceiiary, natsnsl regulsony
Bramaworks for ouler spase sHwilies
Guideline 81 Supervise natiosal wpace achivities
Guideline A4 Enswte the equitable, ratonal and eficiean uie of the rafio regeenoy specirum and the vanous obsical
Fglon uied by istelibe
Guideline &% Enhance the practces of regisbering wpace objecs
B, Sadety of ppace aperationd
B.i  Provide up combpef onformatian and thane cdormaten on pece objects and orbilal events
Guideline 0.7 Improve scourscy of orkital data on spece objects and enhance the practice and wtikty of sharing orbital
inforeation on Lpace DRpECTE
Guideling B.3  Promobe tha collection, ikaring and diisemination of igate debiii mesiteding inlsfmatien
Guideline B4 Perdorm conjunchon asseramend doring ol orbital phanes of comtrolled Night
Guideling B.5 Develop praitical spproaches fae pee-launch DOERuUnRCDoN J55es0men
Guideling B.6  Share operaensl ipeis waather dits snd fofseidti
Guideling B.7  Develop ipate weithed Sodeli sad 1ok sad tolsct enablishid precticed on the mitigaten of ipate
wepdthar sflecti
Guideling B8 Deugn and operation of space obpects regardiess of their phiecal 3nd operation] Characterist
Guideling B.9  Taks Sediuted bo s80ed ki sidouled with the sniomroled fe-esnry of ipate objss
B0 Obsmrve o precaution wean wung wources of Liser beamy pasvung through outer wpace
L. Internationsl coaparaion, capadity-Buailding snd swarendii
Guideling C.1  Promate and Teclitate INleAations (Ooperatan I supgrt of the long-term sultBnabdity of ouler
igace activibes
Guideling C.7  Share swpariance related o the leng-term sisnabiity of outer space sctivisies and develop new
procedure, id spetapdiante, for infanmaton e hasge
Guideline C.3  Promate srsd suppert capacity-Buildng
Guideling T4 Balve swarensss of spaie sctivities
0. Scientific and technical ressarch and developmant
Guideling 0.1 Promete snd iuppsrt rridich 880 and the dewslopment of wiyi 15 fupper! suiliinably splofstion
and uae o cuter pace
Guideling D] Bwastpale and Loadided Hw MEedsunes 1o Mansge thi spaie dedis populiton in the kg Lem

CNES STM — JAXA Workshop — Feb. 24, 2021

Current standardization activities é

* ISO TC20/SC14 — WG3 et WG7
e TC20 = Aircraft and Space Vehicles
e SC14 = Space systems and Operations
¢ WG3 = Operations and Ground support - WG7 = Orbital debris

* ECSS (European Cooperation for Space Standardization)
* Two “mirror” working groups in preparation of European position in ISO, one on STM, the other on debris

i Sl el
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Current standardization activities .

- - Chnes - -

* Preparation of a Standard dedicated to STCM within ISO WG3 (Space Traffic Coordination & Management)
* NWIP (New Work Item Proposal) #5847 dated May 22", 2020
* Prepared by Dan Oltrogge (AGI, Comspoc)

* Technical content very oriented towards “ground support tools”, inspired from US...

CNES S

Numerous meetings at ECSS level but globally negative vote of ISO members on Nov. 18t, 2020
Important recall of the independence and individual responsibility of States: No international management
New proposal under preparation, limited to Space Traffic Coordination

1
1 Scope 5 Annex A (informative) IS0 space debris mitigation standards and technical reports....................17
s Al General 1
2 Terms and definitions 2
AZ 150233125, tems - Detail debris mitigati i JE—"
21 Space Situational Awareness (SSA) 3 systems ig Jor spacecraft
] Annex B (informative) Methods for assessing STCM 18
22 Space d 3
23 Registry . B.1  Positional pracision as a proxy for poSitional aCCUraCY -......
. B.2  Estimation of historical and predictive positi 22
3 Symbols and t 4 P
31 Symbok . B3 Covariance, attitude and vector interpolation via the Euler Axis/Angle method.
!Il . B.i Apparent-to-Absolute Visual Magnitude relationshi 22
) . B.S  Benefit of sensor data fusion in STCM syst 35
4 Technical 5
B.6 i inati 27
a1 STCM system
B.7  STCM Quality Control ftori 27
az  sTeMm 6
4.3 STCM information Security and menitoring 6 i
a2 Data exchange, i 7
a5 sTCMm iques, numerical method: 10
46 Tracking 11
47 Data Fusion, Orbit Determination (OD) and Orbit Prediction (OP)......... .12
as 13 B3 STCM Quality hemer: pe 29
a3 R 14 B9 i ! metrics and 0
a10 i trol 10 B.10 i 30
an nd Proximity ions [RPO) and On-Orbit i 1 BAL ! 30
.12 Algorithms, validati d 14 Annex C finformative) Example construct for an STCM system. ....... woeee 31
413 Regulation, i 15 €1 General 31

On-going IAF - IISL - IAA activities ¢

* MOU signed between:

.

.

IAF (International Astronautical Federation) = Mostly industrials, operators, manufacturers... (750 member entities)
IISL (International Institute of Space Law) = Legal aspects
IAA (International Academy of Astronautics) = Academic, members are individual experts not representing their entity

* Final goal: preparation of a reference report providing status on STM and suggesting improvements

IAF, NEL and 184 join in 8 cooperative initiathe to develop comprehensive approaches
and proposals for STM to be addressed 1o decision-makers on national and internatianal
level im order 1o prornote the safe use of outer space

* Creation of a Technical Committee dedicated to the topic within IAF: TC26 on Space Traffic Management

Structured following 5 major themes, 1 Tarmnciogy - Lommon urderitsrding ard Dalnaon
in . N . i Irproramg e bnradedpe  Frea leckne ol meass ol space oy s mon @
themselves subdivided into 23 thematic sub-groups 17 iy Sar levwrrivdigr - Sempriroe rulotAie vl e tior o sl ajeets
104 active members to date coming from 21 countries 31 Webigeing thei Keiiaiigs - Dot Aaiin - Mliaging of visrmatiga
Good ticipati £ all the k t identified i : 24 &t g o ko perbetal duks p sred srzureny
00d participation ot all the key actors identitied in previous pages 15 imepraving the rnswiedgs - bmgriesreaat o the U raghtration
4 b : : 28 i e krswintige - Shared Cadsiog
Very good cont'r|but|on from US, Russia, China, : o u\-:-hdn e T
but also India, Japan, ESA and all the European countries... i
In priority 9 sub-groups (underlined in the list on the right) : ;
- Prepare an intermediate report for mid-March 2021 FTEY T
I L& T Wi conateBaton
- Final draft report from these 9 expected by October 2021 i b sk il it
= Eiia LA 4 o b e pcieetiny visth + » ']
- Then Kick-off of the remaining sub-groups Sas  [rwhers seamviisne -.:-:'-. :..ﬂf_’..,f.:_,, ish i g et
Final final report expected to be published by IAC 2022 in Paris TRy —
™ st perattars + Trnffie Frivm vl b ibodes facel iokirs]
il Technical reguiscess - Cursani relevanoe
a3 Tevknnal reguisfons Ko scl vl
an T d req (L2 i 12 Technicst i L
i [y
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ASTRONAUTICAL
FEQERATION

@ — Topics for consideration by the TC

1. Terminology

Common understanding and definitions

Definition of the commonly used terms
Numerous definitions are currently used, slightly different: concepts of Management,
Coordination, Control, Synchronization, Regulation, Harmonization, even Environment

[Related to UN LTS #C1]

Connecling @l Space P
CNES STM — JAXA Workshop — Feb. 24", 2021

| FEDHERATION

r."""\ INTERMATONAL Topics for consideration by the TC
m ASTRONALTICAL

2. Improving the knowledge of the orbital population, including functional
and non-functional space objects (1/5)

1. New technical means of space objects monitoring
Radars, telescopes, lasers
both ground- and space-based
Including private, e.g. private optical networks and monitoring satellite constellations
% Potential recommendation: study and promote additional systems, such as in-orbit
sensors, laser detection from ground or from orbit, etc.

[Related to UN LTS #D1 and #D2]

2. Improve trackability and cataloging of small spacecraft

[Related to UN LTS #B8, #D1 and #D2]

Connecling @i Space P P
CNES STM — JAXA Workshop — Feb. 24, 2021
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r."“\ INTERNATIONAL Topics for consideration by the TC
m ASTROMAUTICAL

| FECERATION

2. Improving the knowledge of the orbital population, including functional
and non-functional space objects (2/5)

3. Data fusion - Merging information coming from various sensors
% Potential recommendation: develop and share methodologies at international level

[Related to UN LTS #B1 and #B3]

4. Improvement of orbital data precision and accuracy
Improved mathematical models of motion
Improved computational means and filters
Use of star background
Laser ranging from ground or orbit
Representation of uncertainties
% May be one of the top priorities

[Related to UN LTS #B2]

|
CNES STM - JAXA Workshop — Feb. 24", 2021 e ot -+ 3‘”“‘“ Fw
-'@\ wrEaATIONAL Topics for consideration by the TC
| {‘ ) FEDERATION

2. Improving the knowledge of the orbital population, including functional
and non-functional space objects (3/5)

5. Improvement of the UN registration
Currently rather poor despite regulation
Stress the need to record end of operations
Consider insufficiency, for STM purposes, of the information recommended currently for use in
the registration process and identification of space objects

% Potential recommendation: unified (accepted worldwide) system of the space objects
identification and identity confirmation

% Could there be a systematic pre-registration prior to any launch?

[Related to UN LTS #A5 and #C4]

Connecling @i Space P P
CNES STM — JAXA Workshop — Feb. 24, 2021
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2. Improving the knowledge of the orbital population, including functional
and non-functional space objects (4/5)
6. Shared catalog
. Question of protection of the data: legal solutions?
. Question of maintenance (integrity of data, control of completeness for certain blocks of
information, e.g. orbital launch list, payloads etc., common rules for naming/ID assignment for
referencing purposes etc., responsibility)
. Question of military systems
. Merging (data fusion, not just using individual outputs) information coming from various
independent SSA centers
. Question of the reference source for such catalog (or multiple sources?)

% Possibility of cross-correlation of information coming from such “independent” centers due to use
of the same batches of measurement information?
[Related to UN LTS #B1]

Conrnecting @l Space P ’
CNES STM — JAXA Workshop — Feb. 24, 2021
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2. Improving the knowledge of the orbital population, including functional
and non-functional space objects (5/5)

7. Hazards associated with reentry disposal
. Radar and other measurement campaigns to assess and verify reentry hazards prediction
models
. Design-for-demise approaches for minimizing reentry hazards
. Design-for-demise concepts
. Flight-verification of Design-for-Demise approaches
. Models predicting hazards to aircraft

[Related to UN LTS #B9]

Connecling @i Space P P
CNES STM — JAXA Workshop — Feb. 24, 2021

This document is provided by JAXA.
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3. Use of such information (1/4)

1. Space capacity management

Space Sustainability quantification
Space Traffic assessment
Capacity coordination
% Potential recommendation: additional LTS guidelines to be considered by COPUOS

[Related to UN LTS #A4 and #C3]

2. Management of RF interferences

[Related to UN LTS #A4]

4
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3. Use of such information (2/4)

3. Improvement of the collision avoidance process
1. Probability evaluation and common understandings
2. Specific problematic associated with electric propulsion on large constellations
3. Maneuver coordination
4. Assessment prior to a launch
% Potential recommendation: sharing at ISO level through dedicated technical standards

5. Thresholds for Collision Avoidance,
6. Data exchange protocols

% Potential recommendation: harmonization at international level (IADC, 1SO)

[Related to UN LTS #B1, #B3, #B4 and #B5]

Connecling @i Space P
CNES STM — JAXA Workshop — Feb. 24, 2021
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3. Use of such information (3/4)

4. Use for future operations
1. Spacetugs, In Orbit Servicing, In Orbit Manufacturing, In Orbit Recycling
2. Massive constellations, including such aspect as use of Al in on-board control systems for
autonomous decision making (without involvement of ground control services), especially in
case of collision avoidance
3. Sub-orbital activities
4. Ground support activities such as spaceports
5. Transits through airspace (launch and controlled/uncontrolled re-entry)

6. Impact of Constellations on Astronomical observations
Question at STAC astronomy committee on how we could limit light interference to astronomy
observations by satellite constellations

[Related to UN LTS #A4, #B8, #D1 and #D2]
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3. Use of such information (4/4)

5. Preparation of future activities
1. ADR: Removal of the relevant debris from crowded orbits to avoid statistical collisions
2. JCA: Nudging of a debris to avoid a predicted collision
3. LDTM: Cataloging and maintenance of precise orbits of large orbital debris and light nudging
to avoid further critical situations

% Potential recommendation: identify a shared position at international level (IAA studies, IADC
tasks, National studies, ...)
[Related to UN LTS #D1 and #D2]
6. Traffic from orbit to the Moon (and in the future to Mars)

How to minimize perturbations to the natural environment and useless debris left at the
surface?

[Related to UN LTS #A4]
A

Connecling @ Space Peo
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4. Technical regulations (1/3)

1. Current references
% Can be based on ISO?
Converged at international level since more than 10 years
Coherent with IADC and National Standards established 20+ years ago
Already applied by ESA and China
Strong similarities with other International Standards and Laws
Dedicated WG on STM within ISO WG3

Numerous new ongoing activities
ISO standard for collision probability calculation and impact risk assessment
Inclusion of a threshold in the standard
ISO standard for the casualty risk calculation
Inclusion of a threshold in the standard

[Related to UN LTS #A1 and #C1]

CNES STM — JAXA Workshop — Feb. 24", 2021
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4. Technical regulations (2/3)

2. But new activities required
Shall include elements related to Space Tugs, 10S, ADR, JCA, LDTM
Shall include sub-orbital
Can include criteria for risk based evaluations, and acceptance, of certain operations
May include Spaceports
Open to extension of the domain to Moon and Mars

[Related to UN LTS #A1]

q
Connecling @i Space People
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4. Technical regulations (3/3)
3. Major question: why are the Mitigation Rules so badly complied to?
Immature on-board technology for mitigation? Impact on performances?
Examine how changes to debris mitigation guidelines reduces STM burdens
% Potential recommendation: Education: Systematic inclusion of ISO in any contract

% Potential recommendation: Naming & Shaming (Naming already done at IADC level...)

% Potential recommendation: Compliance file prepared before any space operation,
transparent follow-up by the launching state

[Related to UN LTS #A3]

]
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5. Outreach

Need to improve the dissemination of information

How to pass efficiently the messages and reach consensus over the proposed actions?

Who should we address, when, where, at which step of discussion: An essential link to operators is
required, as they will be affected most.

This might require some dedicated fora / workshop with discussions on this topic as sole focus.

[Related to UN LTS #C4]

i |
Connecling @i Space Peo
CNES STM — JAXA Workshop — Feb. 24, 2021
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Congress — Conferences — Symposia — Colloquium - Workshops... t

* Very dynamic activity at international level

* Numerous congress or similar on the topic:

* International Astronautical Congress IAC
* 11 sessions every year, covering all the Space Debris topics, but also SST-SSA-SEM-STM
* Numerous associated publication in Acta Astronautica
* International Association for the Advancement of Space Safety
« Covers well all the Space Debris field, mainly under the Safety aspects
*  Well implicated in the Regulation aspects
* Good publications in Journal of Space Safety Engineering JSSE

* International congress every two years devoted to SSA-STM

* STM Conference organized every two years at University of Texas
* ESA Space Debris Conference in Darmstadt

* Every 4 years since 1993

« Reference conference on the topic of debris in its “wide” understanding, including SST-SSA-SEM-STM
* International workshops organized by CNES, each every two years

« Collision Avoidance

* End of Life of Satellites

¢ Modeling and Remediation
* International workshop organized by JAXA every two years, covering all domains
* Very high number of Webinars and similar since mid-2020, always with the same speakers and messages...

CNES STM — JAXA Workshop — Feb. 24, 2021

Thank you for your attention

Christophe.bonnal@cnes.fr

CNES STM — JAXA Workshop — Feb. 24!, 2021

This document is provided by JAXA.
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Latest Developments on Space Debris Modelling Activities at CNES

oJuan-Carlos Dolado-Perez (CNES)

The space debris modelling and risk assessment office of CNES is in charge, on the flight dynamics
domain, of the activities linked with the analysis, the modelling, the development of tools and the R&D
activities related to Space Surveillance and Tracking, space debris and the French Space Operations
Act. The activities developed within the CNES space debris modelling and risk assessment office, are
therefore structured around key technical domains, as the active and passive detection of space
objects from ground or from space, the correlation and cataloguing of the objects orbiting the Earth,
the short and long term propagation of the space objects, the computation of on-orbit collision risk in
case of close approaches or on-ground casualty risk in the event of a re-entry as well as the evaluation
of the long term evolution of the orbital environment.

The work that will be presented will be focused on this very last key technical activity, this is the long
term evolution of the orbital environment. The presentation will provide a focus of the most recent work
done by CNES on this topic, as the analysis evaluating the decoupled effect of the background and of
the future space activity on the long term evolution of the orbital population. A focus will be also given
to the last CNES efforts to develop a space object criticality index allowing to identify the missions
posing the biggest threat to the orbital environment. Finally, these latest developments will be
presented on the perspective of a new framework being developed by CNES with the aim to have a
global view of the state of the orbital environment at every moment.

Biography

Juan-Carlos Dolado-Perez

Juan-Carlos Dolado-Perez is the head of the space debris modelling and risk
assessment office at the “Centre National d’Etudes Spatiales” (French Space
Agency). Since 2008 he has worked at the system engineering and orbital
dynamics sub directorate, where his main research topics concerns the long and
middle term re-entry prediction, the long term evolution of the space debris
population, the on orbit collision risk assessment, the orbit determination from
radar and optical measurements and the uncertainty characterization and
propagation.

He is a member of the Inter Agencies Space Debris Committee (IADC)’s French | - %
Delegation and of the International Academic of Astronautics (IAA). Juan-Carlos owns a B.S. in Aerospace
Engineering from the Madrid’s Polytechnic University and a MSc. in Aerospace Engineering from the Institut
Supérieur de I’ Aéronautique et de I’Espace (ISAE).

This document is provided by JAXA.
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LATEST DEVELOPMENTS ON
SPACE DEBRIS MODELLING
ACTIVITIES AT CNES

9™ JAXA SPACE DEBRIS WORKSHOP

24 to 26t February 2021
Virtual

Juan Carlos Dolado Perez.

Head of the Space Debris Modelling and Risk Assessment Office

.. CNES + - - -

INTRODUCTION

This document is provided by JAXA.
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LONG TERM EVOLUTION OF

THE ORBITAL ENVIRONMENT

LONG TERM EVOLUTION OF THE ORBITAL ENVIRONMENT

.. CNes « - - -
Future Population

What’s more important, our Heritage or How do we use space?

New Launches

Background Population

J PMD Our Heritage

v l .

} [ Future Space Activity

Our Heritage

CONOPs Fragmentations

This document is provided by JAXA.
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LONG TERM EVOLUTION OF THE ORBITAL ENVIRONMENT

- . cnes -« - -
Our Heritage

In-Orbit Fragmentations (#)

Credits: Anz Meador et al. Vear (1957 -2018)

More than 5000 Launches since 1957
First orbital fragmentation in 1961

Fragmentation occurs regularly since

Non-deliberated Fragmentations is the main source of debris
generation since 1957

7 | @cnes
LONG TERM EVOLUTION OF THE ORBITAL ENVIRONMENT .
.. CNES ¢ -« - -
How do we use Space = New Space is Old
YEARLY WIMBER OF BNTA CTS INSERTED INTO ORAIT
MEAN YEARLY MUMBER OF PATLOADS INIECTED FER LAUNIH
Radical Change on the way the Space is
used (missions, actors, ...)
8 | @cnes
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OUR HERITAGE

HOW IT IMPACT US?

OUR HERITAGE

How our heritage Impact us?

Effective LEO population (>10cm) as a function of Number of Catastrophic collisions as a function of
the explosion rate the explosion rate

— R e Yesr 173

— Mizp_pav Year |
— 1 _pe_Month

.-.»-’“""‘""ﬁ'

® Lacw

i gz

Bean curml nb of catastrophic collaions
&
]

a . - . +
L8300 THIE-D1-0] FIIE-0R-00  FRAIE-D1-01 HHIS-01-01

i} Toarn

More than 5000 Launches since 1957
First orbital fragmentation in 1961

Fragmentation occurs regularly since

Non-deliberated Fragmentations is the main source of debris
generation since 1957

10 | @ cnes
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OUR HERITAGE

How our heritage Impact us?

Mass Lost “Effect” induced by minimal size threshold
(>10cm) for 1 explosion / year

] erapn Proems e g Rl (e |

Mass Lost “Effect” induced by minimal size threshold
(>10cm) for 3 explosion / year

AT B B Bk Ladl (L]
=,

Need to consider smaller objects (>1cm), to evaluate long term population trends

OUR HERITAGE

11 | @cnes

How our heritage Impact us?

el e |y

Mean Spatial Density Increase for LEO population
(>1cm) after 100 years of simulation

In the absence of new explosions, the spatial density
decreases at all altitudes regimes

In the event of 1 Explyear, spatial density increases above
900 Km and decreases below due to drag

In the event of 3 Explyear, spatial density increases above
~500 Km and decreases below (x 2 - x3 increase at 900 Km)

In the event of 1 Exp/Month, spatial density increases above
300 Km (x 8 — x 9 increase at 900 Km)

Need to consider smaller objects (>1cm), to evaluate long term population trends

12 | @ cnes
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FUTURE POPULATION

WHAT IF WE COULD BENEFIT

FROM A “FRESH” START?

FUTURE POPULATION

What if we could benefit from a « fresh » start (i.e. no past space activity) ?

“2012 type Space Activity”

(Launch cycles representatives of past activity, non including
small satellites launches) with linear increase (50%
increase after 50 years)

5 Constellations between 1100 — 1325 Km
mulated number of satellites: 3500)

90% Post Mission Disposal
Success Rate (25 years Rule)

100% CAM Success Rate during

3 Constéllation between 300 — 400 Km Operational Lifetime

(Cumplated number of satellites: 7500)

1/ 1000 probability of
unintentional Fragmentation

14 | @ cnes
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FUTURE POPULATION

What if we could benefit from a « fresh » start (i.e. no past space activity) ?
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All scenarios result in a very important increase of the population, most of all due to
small satellites and constellations

15 | @ cnes

FUTURE POPULATION

HAVE ALL THE OBJECTS THE
SAME POTENTIAL TO
CHANGE THE ORBITAL
ENVIRONMENT?

This document is provided by JAXA.
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.. cnes . - - -

Need to Evaluate the Criticality of Space Objects to the Environment

The criticality of Space Objects to the environment, shall be used

* On the certification process

* To decide about the premature End of Mission of a given Space Object

» To prioritize remediation operations

Environmental Indexes have been developed for years at International level

Different Indexes for different purposes (e.g. regulatory, footprint of mission on the -

environment, ,,,)

The Capability of an object to generate debris in the event of a fragmentation, may be

just an « ingredient » of the Indexes

Fligh tests at injection * 1x O jEN 0.0 100 fe ] 0.0 100
Ability rate to control the space object [m] [oo] ah B oo ] 00 100
Vital systems redundancy * = d ‘2] 00 100 2l 00 100
Coliision avoidance capabilities ] lo] o i bo] 0.0 100
Collision avoidance system reliability o lo] 00 I bo] o 100
Coliision avoidance during LEOP 1x [ +fie ] o w0 fie] 0.0 100
Coliision avoidance during PMD =] oo | o 100 oo ] 0.0 100

Example of CNES Environmental Index

Evaluation Tool — INDIGENE
(Regulatory purposes)

Qualitative Output Example

17 | @cnes

SUSTAINABLE SPACE & REGULATION

.. cnes - - - -

Need to Evaluate the Criticality of Space Objects to the Environment

All the objects do not represent the same risk to the Environment

Existence of several indexes at international level mostly centered on the debris generation capability, and consequent risk

increase, of space objects

International effort, assembling 11 Criticality
Evaluation algorithms and 13 organizations
(Centauri, ESA, CNES, CNR, AXA XL, JAXA, Samara
University, University of Southampton, LeoLabs,
CNSA, KIAM, Bauman Moscow State University)

+ First identification of a consolidated list of the top 50
statistical most concerning objects in LEO

+ D. McKnight et al. Identifying the 50 Statistically Most
Concerning Objects in LEO. Acta Astronautica,
volume 181, April 2021, Pages 282-291

Incindtion

600 Km — 1100 Km
98° Cluster
(Cumulated Mass: > 50 Tons)

95

B

980 Km — 83° Cluster
a5 (Cumulated Mass: > 40 Tons)

:
B0

4 @ 830 Km - 71° Cluster

(Cumulated Mass: > 100 Tons)
®

T TAM 7.6M

ST A0 W00

Bk
1

=108
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CONCLUSION

. cnes - - - -

» Strong Heritage, inducing several fragmentations per
year

> Need to consider (<10cm) population to properly
represent the evolution of the environment and the
collisional process

P o T > Without new space activity, even at 1 Expl/year, without
new launches, population continue to increase

» Considering a “fresh” start, current mitigation quidelines
- (90% PMD, 1/1000 probability of unintentional

P fragmentation), does not allow to maintain_a_ stable
population in particular in the presence of mega-
constellations

This document is provided by JAXA.
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Modeling the Space Debris Environment - Latest Improvements and
Updates

oCarsten Wiedemann, A. Horstmann (TU Braunschweig), S. Hesselbach (DLR),
V. Braun, H. Krag (ESA), S. Flegel (unaffiliated),
M. Oswald (Airbus Defence & Space), E. Stoll (TU Braunschweig)

The latest improvements and updates in the current European reference model for describing the
space debris environment are presented. The model with the abbreviation MASTER was completed
with a reference epoch from November 2016. It replaces the previous version MASTER-2009. The
new model has the internal version number "8". MASTER is made available by ESA via the Space
Debris User Portal, including all updates. The model takes into account all known sources of space
debris. This includes contributions that can be traced back to individual events, such as fragmentation,
as well as continuous sources in the small particle size-range, such as surface degradation products
or ejecta. The model consideres all objects that are larger than 1 ym. The new population is shown as
an example for objects larger than 10 cm in comparison to the previous model. Spatial density is
chosen as the form of representation. The current modeling results have shown that the spatial density
has increased significantly at an altitude of 800 km compared to the previous version. This is mainly
due to a reevaluation of historical fragmentation events. The main events that led to the significant
increase in fragments are shown. The high-resolution particle flux analysis capability of the model is
discussed using the example of two selected orbits.

Biography

Carsten Wiedemann

Dr.-Ing. Carsten Wiedemann is a permanently employed senior scientist at the Institute
of Space Systems at the Technische Universitit Braunschweig (Germany). His tasks
include the following positions: quality manager of the institute, team head of the
space debris group, organization and presentation of lectures, supervision of student
research projects, and scientific project work. He is member of the DLR delegation at
the Inter-Agency Space Debris Coordination Committee (IADC). His field of research
is the modeling of the space debris environment. One important research project was
the development and upgrading of the ESA MASTER model.

This document is provided by JAXA.
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Modeling the space debris environment - latest improvements

and updates
C. Wiedemann', A. Horstmann', S. Hesselbach?, V. Braun?, H. Krag*, S. Flegel®,
M. Oswald®, E. Stoll'

TInstitut fir Raumfahrtsysteme (IRAS), Technische Universitat Braunschweig, Hermann-Blenk-Str. 23, 38108 Braunschweig
2Deutsches Zentrum fiir Luft- und Raumfahrt, Weltraumlagezentrum, 47589 Uedem
3Space Debris Office, ESA/ESOC, Robert-Bosch-Str. 5, 64293 Darmstadt
4ESA Space Safety Programme Office, Robert-Bosch-Str. 5, 64293 Darmstadt
Sunaffiliated
SAirbus Defence & Space GmbH, 88039 Friedrichshafen

Introduction

» The latest improvements and updates in the current European reference
model for describing the space debris environment are presented.

« The model with the abbreviation MASTER was completed with a reference
epoch from November 2016.

It replaces the previous version MASTER-2009. The new model has the
internal version number "8".

+ MASTER is made available by ESA via the Space Debris User Portal,
including all updates [1].

» The model takes into account all known sources of space debris.

» This includes contributions that can be traced back to individual events, such
as fragmentation, as well as continuous sources in the small particle size-
range, such as surface degradation products or ejecta.

* The model considers all objects that are larger than 1 ym.

[2] ESA/ESOC, Space Debris User Portal, https://sdup.esoc.esa.int

Technische

% Universitit Carsten Wiedemann - Space Debris  15.03.2021 2 C
¥ Braunschweig

This document is provided by JAXA.



BN [ANR—RAFTVT —s s ay T | G

Sources of Debris and Meteoroids
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The contribution of the explosion
and collision fragments covers
the entire size range considered.
In practice, however, the
fragments only make a dominant
contribution to space debris
above 1 cm particle diameter.

The small-size regime is
dominated by two different
particle groups, ejecta and paint
flakes, which occur in extremely
high numbers.

3 Technische

> Universitit
Braunschweig

Carsten Wiedemann - Space Debris

15.03.2021

L

Schematic View of the Data Flux in POEM

One input file is the list of all
events in which space debris

[ "_' Fragments

objects were released.

T The second input file is the
— SRM slagidust population of Launch and
P '~ NaKDroplets Mission Related Objects. The
T ) |- (i Leyer edeion LMRO themselves are included
- ' : in the model as a population.
[ "l Eecla | In addition, LMRO are the
| population | % Lol paint Fiakes source for further contributions
I Y to space debris. These are the
e B I'T ¢ i . Objec eJe_cta and the paint flakes
p— N which are permanently released
| Populaion af epoch 2~ from these objects.
e
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Comparison of Fragments: MASTER-2009 and MASTER-8

Cataloged inorbit fragments
12000

MASTER v8.0.0 ' ' ! Various new TLE
MASTER-2009 objects have been

£ 10000 - : -1 cataloged between
£ 2009 and 2016,
© 8000 4 which can be traced
o back to
= .
5 6000 | | fragmentation
= events that
i occurred in the
g 4000F 1 early 1980s or even
E before.
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Comparison of 10 cm Populations (2009)

Epoch 2009/05, abjects = 10cm Epoch 2009/05, objects = 10cm
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Comparison of 10 cm Populations (2016)

Epoch 2016/11, objects = 10cm Epoch 2016/11, objects = 10cm
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Distribution of space debris (2016)
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Increase of space debris

Significant increase in fragments due to two events:
+ FengYun-1C (2007)
*  Cosmos/Iridium (2009)

titude [ ki Aty [km

2006 2016

Spatial density of objects greater than one centimeter according to MASTER
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Size Distribution LEO

ESA MASTER-8 Model
Cumulative mean flux (11/2015 - 11/2018), objects = 0.1Tmm
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Size Distribution GEO

ESA MASTER-8 Model
Cumulative mean flux (11/2015 - 11/2016), objects = 0.1mm

Earth-oriented GEO (35,786km), leading front surface
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Impact Velocity Distribution on LEO

ESA MASTER-8 Model
Differential mean flux (11/2015 - 11/2016), objects = 0.1mm

2 Earth-oriented SSO (800km, 98.6°), leading front surface
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Impact Velocity Distribution on GEO

ESA MASTER-8 Model
Differential mean flux (11/2015 - 11/2016), objects = 0.1mm

2 Earth-oriented GEO (35,786km), leading front surface
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Summary

+ The new population is shown as an example for objects larger than 10 cm in
comparison to the previous model.

» Spatial density is chosen as the form of representation.

+ The high-resolution particle flux analysis capability of the model is discussed using the
example of two selected orbits.

* The current modeling results have shown that the spatial density has increased
significantly at an altitude of 800 km compared to the previous version.

» This is mainly due to a reevaluation of historical fragmentation events.
+ The main events that led to the significant increase in fragments are explained.
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Orbital Debris Modeling in Kyushu Univ.
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MARUYAMA Takahiro, YOSHIMURA Yasuhiro, cHANADA Toshiya (Kyushu Univ.),
KAWAMOTO Satomi (JAXA)
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The building of space debris evolutionary models makes it possible to discuss how to reduce space debris and
improve future orbital environment. In order to have a better discussion, it is essential to improve the accuracy
of estimation in space debris evolutionary models. In collision breakup models implemented in current space
debris evolutionary models, it is somewhat unrealistic that the distribution of fragments generated during a
collision depends on the primary object. Therefore, this paper proposes a method to determine which object
generated each fragment and form the distribution of fragments not only around the primary object but also
around the secondary object. This paper also compares future orbital environment before and after the
improvement of collision breakup models and describes differences of future orbital environment by improved
collision breakup models.

This document is provided by JAXA.



122 FHAZETFIE M SE R I JAXA-SP-21-001
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Orbital Debris Modeling'in Kyushu Univ.

I EX 8 KRG, {£H &t (AMKF), AKX §EE (JAXA)

Takahiro Maruyama, Yasuhiro Yoshimura, Toshiya Hanada (Kyushu Univ.), Satomi Kawamoto (JAXA)

The 9th JAXA Space Debris Workshop
February 25, 2021

¥, KYUSHU UNIVERSITY

L0 v USHU UNIVERSITY Orbital Debris Modeling in Kyushu Univ. $.'I

Orbital Debris Modeling

Orbital debris modeling mainly consists of debris generation
and orbit propagation.

® Debris generation can characterize and predict physical
properties of fragments originating from explosions or
collisions.

® Orbit propagation can characterize, track and predict the
behavior of space objects.

9th Space Debris Workshop (Dec. 8, 2020) 1
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Evolutionary Models

With collision flux estimation, orbital debris modeling can build
evolutionary models as essential tools:

® to predict the current or future space debris environment,
and also

® to discuss what and how to do for space debris
mitigation and environmental remediation.

9th Space Debris Workshop (Dec. 8, 2020) 2

;":'z"'f-; KYUSHU UNIVERSITY Orbital Debris Modeling in Kyushu Univ.

Evolutionary Models in Kyushu Univ.

GEODEEM (GEO space Debris Environment Evolutionary Model)

® To track objects in the Geostationary region (or with
eccentricity < 0.2, mean motion between 0.9 and 1.1 rev. per day,
and inclination < 30 deg).

LEODEEM (Low Earth Orbital Debris Environment Evolutionary Model)
® To track objects in the low Earth orbit region (or with
perigee altitude < 2000 km ).

NEODEEM (Near-Earth Orbital Debris Environment Evolutionary Model)
® To track objects orbiting around the Earth.

9t Space Debris Workshop (Dec. 8, 2020) 3
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NEODEEM revision 3.02.1

Debris generation
® NASA Standard Breakup Model of EVOLVE 4.0
» A/M distribution proposed by Anz-Meador and Matney
Orbit propagation
® First-order solution
® Zonal harmonics (J,,/3,/4), Solar-Radiation Pressure, Sun, Moon,
Atmospheric Drag (Jacchia-Roberts 1971, Jacchia-Bowman 2008)

Collision flux estimation
® Two-Sphere collision probability estimation (T-Scope)

e : Object 1
® : Object 2

d=20 km @ : Collision sphere of Object 1
© : Collision sphere of Object 2

9t Space Debris Workshop (Dec. 8, 2020) 4
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Improvements of NEODEEM

In order to have a better discussion, it is essential to improve
the accuracy of estimation in evolutionary models.

NEODEEM plans to
® Revise collision breakup models that the distribution
of fragments generated during a collision spreads
only around the primary object.

® Implement STELA Drag Coefficient, which is drag
coefficient corresponding to the altitude.

9t Space Debris Workshop (Dec. 8, 2020) 5
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Distribution of Fragments

oth Space Debris Workshop (Dec. 8, 2020) 6
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LF

Objectives

® Proposing a method to determine which object generated
each fragment.

® Forming the distribution of fragments around both primary
and secondary objects.

® Comparing future orbital environment between previous
and revised collision breakup models.

9t Space Debris Workshop (Dec. 8, 2020) 7
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Previous Collision Breakup Models

(Breakup Occurre(D
L 2
(Size distribution)

T Area-to-mass ratio distribution
Length depends on the primary object.
I v
v }
Area Area-to-Mass ratio
2 3
Mass Delta Velocity
!
Orbital Elements

Initial Mass > Total Mass of fragments<> Position and velocity depend

on the primary object.
Gragments distributioD
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o

Revised Collision Breakup Models

Mass Ratio
Gsreakup OccurretD & Uniform Random Number
L 2

(Size distribution> Mass,

> RN 0,1
— Mass; + Mass, [0.1)

¥

Fragments from Object 1 Gragments from ObjectD
v

Langth
[ Aw ] [Gresosmmmio] [ Awm ] [ AesioMasmio |
l QOrbital Elemants | Orbital Elements
Initial Mass > Total Mass of fragments<>
Gragments distributioD
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Concerns

The mass distribution of the fragments may be biased
when objects have a large mass difference.

Example) Object 1 (2000 kg) vs Object 2 (250 kg)

Initial mass ratio
2000

2000 1 250 ~ 087

9 Space Debris Workshop (Dec. 8, 2020) 10
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Mass Distribution of Fragments

0 |
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: KYUSHU UNIVERSITY Orbital Debris Modeling in Kyushu Univ.

Mass Distribution of Fragments

® |
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Comparing Distribution of Fragments

[Previous model] [Revised model]
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Conditions of the Simulation

Initial Population As of February 1, 2018

Space Activities New Launches (g;\;/l/eDa{gc(:)%z)e) (2010 —2017)
Debris Generation Collision

Projection Span 2018 ~ 2217

Minimum Size 10 cm
Monte Carlo Runs 100
Time Step 5 days
Events Evaluation Every 1 year

9 Space Debris Workshop (Dec. 8, 2020) 14
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Effective Number of Objects
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Number of Fragments
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Conclusions

® This paper briefly introduced efforts to orbital debris modeling.

® Mass ratio and uniform random number were able to
determine which object generated each fragment.

® The distribution of fragments was formed around both
primary and secondary objects.

® There were no significant differences in the transition of the
number of objects.

® These results supported the significance of past analyzes.

9t Space Debris Workshop (Dec. 8, 2020) 1 8
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Study of the Environmental Capacity Tolerance of Insertions Using the Orbital Debris
Evolutionary Model

O EH, WA B3k, b1l BE9L JAXA), 16H fd JuIRS)
oNAGAOKA Nobuaki, KAWAMOTO Satomi, KITAGAWA Yasuhiro (JAXA),
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T, WLE A FTREW RS (B R TP &) 2535, ARG CIIBAfE, BAEEOZERIZLD
HERATREOBTREREZ R, MLZIIABNI R T A EEIS 3000 HOTHEEOBADOH LS
LEO (Low Earth Orbit: /5 £ 200~2000km) %18 32K DfE %% (Effective Number) D752 7R L T,
= 800km FTITRAIRPLOZETHE ALK (BLOEMSINTZT 7)) NE F 352 TR DA
ITANHIS DA, Bl EFRAF 2 EE 800~1000km TIXBE 2RO Hbins,

For the purpose of effective utilization of the orbital environment, the environmental capacity tolerance of
insertions is studied using an orbital debris evolutionary model, developed in collaboration with Kyushu
University. By inserting multiple spacecraft into a specific orbit regime and observing the impact on the orbital
environment, the number of spacecraft that can be inserted into orbit (orbit insertion capacity tolerance) is
evaluated. In this presentation, the results of studying the orbit insertion capacity tolerance due to differences in
orbital regime, the number of inserted spacecraft, etc. Fig.1 demonstrates the difference in Effective Number of
objects in LEO (Low Earth Orbit: altitude 200 to 2000 km) with and without 3000 spacecraft inserted into
various orbital regimes. At altitudes below 800 km, natural decay due to the atmosphere may suppress the impact
of insertions (and the generated debris). At altitudes between 800 and 1000 km, however, a remarkable increase
in objects can be observed because of the many orbital residuals.
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Study of the environmental capacity tolerance of insertions using
the orbital debris evolutionary model

OfM {888, A BE. b/l &RsA (JAXA)
6l Bl UK

NAGAOKA Nobuaki, KAWAMOTO Satomi, KITAGAWA Yasuhiro (JAXA)
HANADA Toshiya (Kyushu Univ.)

BeY « & (Purpose and Method)

- B# (Purpose)
- SEOPEREDEYERZENIC. PLELHEBETIVEZBVTIHTIEICYE (B =
BAL. 9BLREANDEFEEZRDICET, PERATENERE GBRAFSS) Z2FHT D,
»  For the purpose of effective utilization of the orbital environment, the environmental

capacity tolerance of orbital insertions (launch objects) is studied using an orbital debris
evolutionary model (NEODEEM), developed in collaboration with Kyushu University.

«  FE (Method)
- BESECECMEZERA. BALZNESCDLEED STMEBRENDFEEERND,
«  EN. EZERICKDIMERENDTZE D
BABE. RAKY, NEREDER (PMD. #8451 ) OEDOH
»  Investigate the impact on the orbital environment by comparing with and without inserting
objects at specific altitudes
» Evaluation of the impact of orbital environment by Effective Number and collision rate.

» Evaluation of the effects of insertion altitude, number of insertion objects, and differences in orbital
environment (orbit type, PMD)
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#HEBIRAT /N7 1 O (Evaluation)

N—=251 Y : IADC201 8DIHBUE L DTHIC KL DHEFBHER
XRIBICZH (300~6000H) DEEZERA
BB : 100kmiB (500~1500km)

BHMEK : 0.001 =0.0005 » Baseline: Evolutional results by initial orbital population of IADC 2018
MBIERNA : BIE+025E > Insert 300 to 6000 objects into the target orbit
STARE | COEBDOE+1E > Altitude: 100km width  (500~1500km)
PP S —— » Eccentricity: 0.001 = 0.0005
EN. f& %@%tﬁmﬁm » Inclination: Target = 0.25 degrees

> RAAN: 6 planes every 60 degrees = 1 degree
» Evaluate the impact of orbital environment by Effective Number and collision rate

Effective Number after 3000 Incremental Effective Number

objects insertion in each altitude. P
Acknowledgement: Initial population are provided by ESA for IADC studies

BASEDLLE (Comparison of Insertion Altitude)
« SO0 ARDOSZSEDIEBILENLLER

» Comparison of normalized EN at each insertion
altitude (300 objects)

Insertion Altitude:500~600km Insertion Altitude: 600~-700km Insertion Altitude: 700~-800km Insertion Altitude: 800~900km Insertion Altitude: 900~1000km

Insertion Altitude: 1000~1100km Insertion Altitude: 1100~-1200km Insertion Altitude: 1200~-1300km Insertion Altitude: 1300~-1400km Insertion Altitude: 1400~-1500km
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BASEDLLE: (Comparison of Insertion Altitude)
o S00HEBARFOZEEDIERLEZEZKLEE

> Comparison of normalized collision rate at each
insertion altitude (300 objects)

m——— et = e — S —
Insertion Altitude:500~600km Insertion Altitude: 600~700km Insertion Altitude: 700~800km Insertion Altitude: 800~900km Insertion Altitude: 900~1000km
i
.|
Insertion Altitude: 1000~1100km Insertion Altitude: 1100~1200km Insertion Altitude: 1200~1300km Insertion Altitude: 1300~1400km Insertion Altitude: 1400~1500km

BAMKORE (Comparison of the Number of Insertion Objects)

« 300, 3000. 6000z AIFMDENLEER

« Comparison of EN at 300, 3000, 6000 objects
insertion

e ,..f“"! f ___,_55';-"-'/--#
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BABBOSERILLE (Comparison of the Number of Insertion Objects in each Altitude)

«  300~6000# ADMNE Z300B R MDIE T
« BASE : 500~800km
> Evaluate the effect of inserting 300 to 6000 objects

by EN equivalent to 300 objects
> Insertion Altitude : 500~800km

Incremental Effective Number (500 ~ 600km) Incremental Effective Number (600 - 700km) Incremental Effective Number (700 — 800km)

E - NBIDB000/201F6000 IR ARDIEZE1/20LTND T EZTR L TUND,
Remark: “6000/20” at the legend shows the value of the graph is 1/20 of real one. 6

BAMBDOSERILLE (Comparison of the Number of Insertion Objects in each Altitude)

+  300~6000%iz ADRIR 230018 S (DB T
+  EBASE :800~1500km

> Evaluate the effect of inserting 300 to 6000 objects by EN equivalent to
300 objects
> Insertion Altitude : 800~1500km

Incremental Effective Number (800 — 900km) Incremental Effective Number (900 — 1000km) Incremental Effective Number (1000 - 1100km) Incremental Effective Number (1100 — 1200km)

Incremental Effective Number (1200 - 1300km) Incremental Effective Number (1300 - 1400km) Incremental Effective Number (1400 - 1500km)
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:F v / \oyj__ 1 %mmﬁ (Evaluation of the Capacity Tolerance of Insertions)
«  ENIBIIDTRAE TDLLER
o ENOO#EXTEIE 300 ABFDIE CTIERRE LIZIETLELER

» Comparison at maximum increment of EN

» Comparison both the absolute number of EN and the normalized value
by EN of 300 objects insertion

FMBIERAIKEN (Dependency of Inclination)
«  ZMBIERIA : S0E. 85EF. O8E TOLLE

» Inclination for comparison : 30, 85, 98deg

300 Objeats Insertion

Inclination : 98deg Inclination : 30deg Inclination : 85deg

Incremental Effective Number
Incremental Effective Number
Incremental Effective Number

600 ObJects Insertion

Inclination : 98deg Inclination : 30deg Inclination : 85deg

Incremental Effective Numb:
Incremental Effective Number
Incremental Effective Number

©
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PMDEXMO=Z (Effect of Baseline Objects PMD)

PMDSO0% E60%MDELE:

> Difference between Baseline Objects PMD S0% and 60%

Baseline Objects PMD : 90% Baseline Objects PMD : 60%

} Without ObJects Insertion

10

FEH Summary

>

FEDYB\NDFHEDIERAIFSEZ., HBETIVICKDFRTDI—FEZn U,

8 EMiRE (Effective Number) [C kD5

c  BETOOKkMMTTIE, BAMANIEETE NI BEH. BAHFSENOFEINE0,

+  BE800~1000kmTIIEZEFIENHNESND,

o IRROEBETHMADTIDZI\SETIE. BAMADGE EMEDIBNESIZRC L TLB,
BANEDEEDOSEDPVDETRNINEICE D,

The method for evaluate the orbit insertion capacity tolerance by
checking the impact on the orbital environment using the orbital
debris evolutionary model is shown.

Evaluation by Effective Number

> At an altitude of less than 700 km, insertion objects fall in a short period, at 800
- 1000km, they cause a significant increase of Effective Number.

» Suitable selection of insertion orbit and high PMD compliance rate are important.

11
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Backup sheet

Debris evolutionary model (NEODEEM)

| Initial Input :
Set the scenario
Initial population

Population Transfer: (Selectable)
Traffic Model: New Launch (8-year cycle)
Explosion: Anz-Meador Model(MC)
Maneuver: PMD(MC), ADR(MC)

Collision: Anz-M Model (MC)

Collision avoidance

Propagation:
Earth Gravity (Zonal4t/Tesseral)
Air Drug (Jacchia-Roberts/Jacchia-Bowman)
Solar « Lunar attraction PR ————

Solar Pressure A m cilance Ditwien obpcts.
Collision Sphere Model

12
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Development of JAXA's Original Baseline File for Debris Evolutionary Model

OfA B3, i [0, 01 ek, PR &5, BB #E8E JAXA), T &,

Bl B, \H B (MUSCAT A_—Rx V=700 2), fEH Bt (LK)

oKAWAMOTO Satomi, NAGAOKA Nobuaki, KITAGAWA Yasuhiro, YANAGISAWA Toshifumi,

UENO Hiroshi (JAXA), NAKAWATASE Ryuji, UEDA O. Hiroko, HATTA Shinji (MUSCAT Space
Engineering), HANADA Toshiya (Kyushu Univ.)

T 7 UVHERET VX T 7 VIRBUR O A R MEFHG O E SR — L ORI AR AT R Th D, JAXA TIE LM

KFPELFRHR LT 7V ET Va2 W CT 7 VRO B 2Rl C& 7, T 7 VHESR T T LGl
Ll _FERBEEOYHNRRELL T, BB T H2E2MIEOE B MESCHLIE S DB WAL THD, JAXA TIHA

IS TS TLE BIENSO S BRI TR, JAXA S8 CHLIIS IR h X u W IR

EEBLTIMADONR—ATA T 7 ANVEERKR LT, 4 £ TIL, IADC T ESA 1bfgfitsiizX—27 1

Ty AN TR B BNCOBER LT, THFRAREICEY, BT 7 UBRERROFAR ST A AT RE

7277, R TlE, TLE SAESGEDR—2AT7 A7 7 A VERFE FIERC, BIR SN R —AT A O R 3
ZE W HER T IO R 2 OW TS 375, FRIC, BIRSNIER =T 77 ANV EWT=T 7Y

BREXGOFANSC, 7 7 VIKBURZh R OFHM, 723 & 2hFE LT TLE BEREN DN CEHIE H %%

BRI 5,

A debris evolutionary model is indispensable for investigating effective debris mitigation measures and for
developing international rules regarding space debris. JAXA has been evaluating the future space debris
population using an evolutionary debris model named NEODEEM, developed in collaboration with Kyushu
University. A baseline file is required for the debris Evolutionary model, which is the initial population data of
the on-orbit environment, such as mass characteristics and orbits of all objects larger than 10 cm. JAXA has
created its own baseline file by taking into account the area-mass-ratio evaluation from the TLE (Two Line
Elements) history, literature review, and uncatalogued objects observed with the JAXA telescope, and so on. The
baseline files provided by ESA at IADC have been used for research purposes only, but due to lack of information,
for example, evaluation of specific debris removal targets was not possible. In this talk, the methods for
developing the baseline file, the results of comparison with some debris models, and the results of debris
evolutionary model predicted using the developed baseline files are reported. In particular, the evaluation of
debris removal targets and the effectiveness of debris mitigation measures using the developed baseline files are
introduced. In addition, the information that can be analyzed from the TLE history survey is introduced.

This document is provided by JAXA.
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9th JAXA Space Debris Workshop
BIEMRR—RFTY T~ ay7

Development of JAXA's Original Baseline

File for Debris Evolutionary Model
INARB DT 7 UHBTFRARR—Z74 7 7 4 LOREFKKR

KAWAMOTO Satomi, NAGAOKA Nobuaki, KITAGAWA Yasuhiro, YANAGISAWA
Toshifumi(JAXA Research and Development Directorate), UENO Hiroshi (JAXA Business
Development and Industrial Relations Department), NAKAWATASE Ryuji, UEDA O. Hiroko,
HATTA Shinji (MUSCAT Space Engineering Co., Ltd.), HANADA Toshiya (Kyushu Univ.)

AIARESE, REMEH. du)IEsA. WLREZ L (AXATTZR R EBFT).
EEES (AXAFTEZEREDR) |
FEBEE . FH®BF. AHEERE (MUSCATRR—X - T =7 U Itktet) |
Bt (k)

Introduction ’% -

* Debris evolutionary model is indispensable as a technical basis for international rulemaking discussions such as for
evaluating the effectiveness of debris mitigation measures, ADR targets, etc.

* Initial conditions (orbit, mass and other characteristics of all orbital objects larger than 10 cm, type of object, etc.) are
necessary for the debris evolutionary model

=JAXA developed its own baseline file based on TLEs, observations, models, etc.
s T7UOEBIL—ILERICIET 7Y ?Eﬁfv{-T}l/’&ﬁEJ Wk FRIC & 2 7"-“7‘\ U SR DB INEFTHE AR AT K

« T7ZUMBET IVICEIIHSA L L Tlocm fF ENDLIB é)P"’E%I“}z ERASBELHN, 5 FETHLTLIADCT
ESAﬁ\b%éz HENTT — 4 il»ﬁﬁ?-&“bo BT 1ot JAXAEE@/\ X547 7 A R
Py ]
- No PMD 21811
- | 500 ]
e (Business as Usual)'| § - 20191 1
e . £ m} 0.1 ]
- ] E 3.1
g o A e MFL310
é . T 50
rd 3 b _E ol
i . E - - .E. 3 - 1
: - . e Y —a & 0
R VI — ¥ ool | |
(25 year rule) o B L 1 N
Lo oo O [ 500 1000 1500 2000
Effectiveness of PMD shown with debris evolutlonary IADC-12-08, Rev. 1, Stability of the Future LEO e
4 c alibade (lom)
R‘;(ieljinDEEM develope:&\;;;h Kyushu univ. an{d Environment, January 2013. Recent changes in the orbital environment
EHRFERFRFL ETIVIC & BERME N (based on spacetrack.org)
Kawamoto et al. 10C 2019 (revised) IADCTENE L 7= 6 #EI D #H T8 REBESED - bREF— 4 HNEE 2
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How to develop the baseline file A4

 Daily check of TLEs of all catalogued objects, about 20000 available from space-track.org, and estimation of
area-to-mass (A/M) ratio from orbit history

e Mass characteristics of intact objects and other data are from literature survey

* Mass characteristics of fragment objects are randomly set to match the estimated A/M with fragments
generated by NASA standard breakup model

* Actual size of each object may be different from the assigned size, but it is acceptable since the goal is to be able to
evaluate statistically

* Uncataloged objects from ground observation data are added(see next page for details)
o KRAEOTE GLEBER) 7—42ho0EBEBESLA/MEE. XAE. BRET /L. LS SERBIN

2
g
g

g
g

Orbitihistory
« yiith A/M=0:01

S
&
8

—=

g
H

Orbital history analyze

Frequency (10-km Altitude Bin)

§mop using estimated A/M ' ANy 200 |
-l ’ N rale
— e I,
—~ R 100
G
fo EE fal ” )
s Altitude / km
A/M and size distribution of fragments Altitude distribution of fragments
Daily check of TLEs and A/M estimation generated by standard breakup model added using breakup model 3

Addition of uncataloged objects from ground-based observations 51 =

e LEO survey results conducted with JAXA remote observation site in Australia are added to the
baseline file.
o SNEBEAFCOEAT —Zh bRH & DT YEEEMN

16 ECT (Catalogued) 24 . mCT
14 MUCT (Uncatalogued) i 14000.0 HUCT|
12 E
" = 12000.0 -
- n
2 8 g M s
E 10cm g 10000.0 LI L
z 6 60cm ©
4 150cm g - . u
£ 8000.0 S
2 L l L l [ | ° ¢ %-.:. 2. *
0 [ |
4 5 6 7 8 9 10 11 12 13 14 15 6000.0 -

40.0 500 60.0 70.0 80.0 90.0 100.0
Magnitude(V) Inclination (° )

Calculation of the brightness (size) distribution and the simple orbital elements

Data acquisition using the quadruple telescope ‘

and fast data analysis using FPGA system . . .
Yanagisawa et al, ASR 2015 Reflection to the baseline file 4
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Results of developed baselines ’%*A

e About 21,000 objects were considered and baseline file as of January 1, 2021 has been developed

* Collision flux bP/ size have been compared with debris environment models (ORDEM, MASTER) and confirmed
that there is a lack of fragments debris at some altitudes while the sizes of some objects might be too large.

« $921000B 0 Wk % EE L2021F1A1AKSROT — X2 R—X 5B, BETTLLHE, BATE. BV (4 IEBE
- 5 2021.1.1 MASTER]
GEO E.lsnn e E 1
wo | 2021.1.1 ! g:| ORDEM
) MEQ w]2019.11 J¥ R 1| 201911
- 20 || ! L i
: s .
| o I : Lhy
* SR N /\ . J I ) =
e . =" we HE [T F 3 -
== ",ﬁ A g L!l!'* e Hy . T
g e T e = T ~
Origins of objects and their orbital distribution Altitude distribution A/M and Mzzquistribution FluX comparison 5
Prediction results using the developed database (1) % e
* PMD90% (8-year repeated launch, Post Mission Disposal compliance rate 90%)
* Prediction with the JAXA database as of January 1, 2019 and with the January 1, 2018 of ESA
database provided for IADC studies, as presented in previous papers
* Total number of LEO objects (especially fragments) in JAXA baseline file is still insufficient
« 2019 1 B 1 BEFSE T — % TPMD90% 7 — R DR F R % LbEx, —H L 7-{BROER % HER
IADC(ESA)-2018 version ‘
T e | — R [FeyTrT—

— —+ M e T
S0 ] e GO Cria Tt

| Altitude |

=i by e i
TR | i GO DD RO

i | | distributions |
& rsoas |
H
% = LEO Average 10 | = == = === = = = = - -
¥ i | == —
g 800-900km == -
st | T 700-800km ==
—— MEO | 1 —— [ U (N A A AR N N (N I NN | o i o o o O = —
ey | 900-1000km 900-1000km
a (o s e P |
il i M M e -r:l FIN T TL U Y L .“'\Illl E’-.'\- ?’-“U ?C-:i :-.H iu‘li iu.'\ll iu.'\-l il-'l h.'\ll HI. A a? s
Effective number of objects = .. e el = -
Kawamoto et al. I0C 2019 (revised. CO"'S'O'T probabilities in
revision of atmospheric model and bug fixes) each altitude band 6
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Prediction results using the developed database (2) % =

* Effectiveness of debris mitigation measures were evaluated, and the same
results were obtained
* High PMD compliance rate is important
* As for PMD time period, 25-year rule is effective enough
o FUURBETMICOWTH, 5FL—ILOBERESE,. —BLEREHED

’ IADC(ESA)-2018 version ‘ JAXA-2019 version

. No PMD
|
(Business as Usual) wmome | —

EEEEL

TEEEL

PMD90% (50-year rule) h o

~ § = =
K - & - ; pa—
. i ] i
a W""‘J PMD90% (5-year rule) W—-—-""‘-‘ﬁ“' =
= PMD90% et
(25-year rule) ' ) e e RS TS IS B BN TR B
Ef.f;acti\./le number of objects Effective number of objects
7

Kawamoto et al. I0C 2019 (revised)

Prediction results using the developed database (3) % =

* Effectiveness of ADR
* The increase of future debris populations could be suppressed by ADR of

about 3 — 5 debris objects per year
c TTUREILOWTH, AKROMEZER (FE3I~SBEREARET 7Y 2KRETNILE IBEZINF)

’ IADC(ESA)-2018 version ‘ JAXA-2019 version

pmD90% No ADR
.

i~ altitude-inclination distribution &

& AP g of removed objects
i I A R R e P ] - L
) F
PMD90% ADR 5 obj/year [ | -, |
¥ I i I e
z wmqn o Pt Pt
900-1000km
T - 900-1000km
Effective number of objects - il - T
Collision probabilities in
8

Kawamoto et al. 10C 2019 (revised) each altitude band
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Specific targets for ADR

* |ADC data did not show the specific target names, but now we can see them

* Participated to international paper “ldentifying the 50 Statistically-Most-Concerning
Derelict Objects in LEO” (McKnight et al., IAC 2020)

e 11 teams listed ADR targets in their respective evaluations, and merged them into a Top 50 list,
confirming that SL-16 and others are ADR targets.

* Reasonable results with a high rate of agreement with other teams
« IADCT—RICIZT 7V BIRFOERD’ AN 572D, BRENREZERT 2ERRCHSIMTED LD ITH -7

B
i

HIH
i

i
L

Combined results
of 11 teams

Evaluation results of the Top 50
ADR targets (debris listed by 3 or
more teams are shown in bold, by
all teams in red)

Average Altitude

HEHHAHE N =

FIEERIRIA

ATAERIEINIRENEGURIRIN

1id

E)
Inclination

Evaluation results of the Top 50 ADR targets 9

Byproducts of TLE surveys

* Daily check of the TLEs of all cataloged objects (about 20,000 available from space-track.org)
to detect anomalies such as collisions, explosions, end-of-operation, deployment of deorbit
devices, generation of new debris, disappearance from TLEs, etc.

* Possibility of detecting attitude mode change of an object based on the difference in the
estimated A/M, or evaluating debris environment models

« BHOTEF = v 7ICL VERE - BREFICL28EZ/C. ERKRT. PMDT N1 XEEE % IR HATHE,
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Summary #XA

* JAXA’s original database for debris evolutionary model have been
developed.

* Although the number of debris objects is still insufficient, we are now
able to evaluate debris mitigation measures, and specific removal
targets, etc. using the developed baseline file.

* We will continue to analyze the TLE and add data from surveys and
observations to improve the completeness.

 TTUHMBTRMICHEL, AXABBDT 7 U T —AN—RERBE L, WRFEIELTELTWS
7o, WMERICHADTET —XF v 7 ETHRT B FE

o B EAGIROAWT -2 T, 77 UNKOBMEFHECEMARNT 7 U BRENRSE & M A
Bol, EEERICHADIOICEDL S AFHHE T NED, TELEENHNIETERILST W
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Analysis on Attitude Motion of ADR Target in LEO

OfTF I&HE JLMR), ey i (Z77/3—ISAT),
EAT RIS OULR), fa ks B (RAU/3—IJSAT), /el & JuiR)
oMATSUSHITA Yuri (Kyushu Univ.), ITAYA Yuki (SKY Perfect JSAT Corporation), YOSHIMURA
Yasuhiro (Kyushu Univ.), FUKUSHIMA Tadanori (SKY Perfect JSAT Corporation),
HANADA Toshiya (Kyushu Univ.)

IR R A BEWE O EBE HET AT DO AT — v a FEOHE A IO E LT, FH A
DORBERPERIZE, BUEREO LY — 8 DORMENBEINTWD. TOMIRD—>2LL T, AH/—
JSAT ARSI R ARB RS20 RIC L —F =T T L —ar O a i A U= FEEfik 5> ADR fr

ORFFBIOBFARICEFEL TS, —fi%IZ ADR Iy ar T, ¥—47 v MERD Bl &2 i iz
L\ Iy al BRI T DN DD, F—7 MERIZITAR 2 Z20NELNV 2 D3N 5720, MR EE) )3
FHIEND. AREETIE, KEPUEREZ AR, BEOMIBEOTNEE B L, BB IO 3 E AT DR
RAETRT.

The orbital congestion is becoming an urgent issue with increasing space activities, such as satellite
constellations for high-speed and large-capacity communications. Therefore, SKY Perfect JSAT Corporation has
started out designing and developing an ADR satellite. The satellite applies laser ablation technologies so that it
does not require any physical contact with a target object. ADR mission generally requires grasping the rotational
motion of the target object in advance and reflecting it in its mission operations. The target object’s motion is
usually complicated due to various disturbance torques acting on it. This presentation shows the short-term and
long-term variation of attitude and angular velocities of the target object in Low Earth Orbit, considering the
shift of the center of gravity.
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Analysis on Attitude Motion of ADR Target in LEO
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2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 1

ADR satellite developed by SKY Perfect JSAT

* The orbit congestion is becoming an urgent issue with increasing
space activities.

* SKY Perfect JSAT Co. has started out designing and developing
ADR satellite using laser ablation technologies.

* ADR system using laser is economical and does not require physical contacts.

\p—

F
i
. Fal ]
” IsATSIY h

-
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ADR satellite designed and developed Laser ablation technologies
by SKY Perfect JSAT
Analysis on Attitude Motion of ADR Target in

2021/02/25 LEO
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ADR mission using laser ablation technologies

2. Deorbit

Output of this research

* (Quantitative analysis of attitude angles and angular velocities for debris
in LEO to clarify mission requirements

Analysis on Attitude Motion of ADR Target in

2021/02/25 EO 3
Target object m Orbital elements
10 Lom a 7578.14 km
£ Lo ” L 1fm _E __y_l:ﬁm € 0
) - i 87.9 deg.
S L0m Q 0 deg.
._,'zmlh‘ E w 0 deg

1 moDY

The satellite model _
B [he satellite model parameters

150 kg assumption
(bass: 138 kg, panel: 6 kg) 6% shift

(1) [0.078,0.030,0.078] m~~ in all axes
(2) [0.078,0.000,0.000] m_ 5 shift

Moment of inertia [71.31,24.00,56.44] kgm?  inx axis
Surface properties [0.1,0.2,0.7]

Mass

Center of mass

2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 4
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Conditions
W nitial values
assumption
Attitude angles [0.0,1.0,1.0] deg. Angular momentum of

a reaction wheel (0.42Nms)
on the minor axis of inertia
(Max initial angular velocities)

@ [0.0,0.0,0.0] deg./min. /

Angular velocities 5y ("6 2 0.0] deg./min.

W Perturbations
* Gravitational gradient

* Aerodynamic drag Need to be considered in Low Earth Orbit

* Solar Radiation Pressure

B Unconsidered conditions

* Self-shadowing Almost no effect on angular velocities in preliminary analysis

The moment of inertia in each axis increases by about 2%,

which is a safe condition.
2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 5

* Product of inertia

« No initial angular momentum

Center of mass (1) [0.078,0.030,0.078] m
Angular velocities (@ [0.0, 0.0, 0.0] deg./min.

® phi(deg) ®the(deg) ® psi(deg) ® w_r(deg/min) ® w_p(deg/min) ® w_y(deg/min)
180 v v
120 v

60

Euler angles in deg.

IS
Anguler velocities in deg./min.

-60
-120
-180 A -8
0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 0 120 240 360 480 600 720 840 960 1080 1200 1320 1440
Elpased time in min. Elaplsed time in min.
Attitude angles in deg. Angular velocities in deg./min.
2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 6
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. Assumption
2_yea rs ana |yS|S « Center of mass deviated by 6% from center of geometry on all axes

» No initial angular momentum

Center of mass (1) [0.078,0.030,0.078] m
Angular velocities @ [0.0,0.0,0.0] deg./min.

1] 0z

absolute w in deg./min,
absolute h in Nms

1] 0.2% [13 075 1 LIS 15 LTS 2 0.2% 1] .75 1 LIS 15 LTS 2

Elapsed time in year. Elapsed time in year.
Norm of angular velocities in deg./min. Norm of angular momentum in Nms
2021/02/25 Analysis on Attitude Il}/l[‘:(c))tion of ADR Target in 7
Assumption

]-_d ay ana |yS IS » Center of mass deviated by 6% from center of geometry on x axis

« No initial angular momentum

Center of mass (2) [0.078,0.000,0.000] m
Angular velocities (D [0.0, 0.0, 0.0] deg./min.

® w_r(deg/min) ®w_p(deg/min) ®w_y(deg/min)

® phi(deg) @ the(deg) @ psi(deg)

180 ]
120 z
£
éb 60 én
%m’o o :g
5 3
5 g-
2 % E
-120 g
-180 8
0 120 240 360 48 600 720 840 960 1080 1200 1320 1440 0 120 240 360 480 600 720 840 960 1080 1200 1320 1440
Elapsed time in min. Elapsed time in min.
Attitude angles in deg. Angular velocities in deg./min.
2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 8
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. Assumption
2 _yea s ana |y8 IS. Center of mass deviated by 6% from center of geometry on x axis

« No initial angular momentum

Center of mass (2) [0.078,0.000,0.000] m
Angular velocities (D [0.0, 0.0, 0.0] deg./min.

absolute w in deg./min,
absolute h in Nms

0 025 05 0% 1 L3 15 LTS 2 025 05 0% 1 L3 1E LTS 2
Elapsed time in year, Elapsed time in year,
Norm of angular velocities in deg./min. Norm of angular momentum in Nms
2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 9
Assumption

]-_d ay ana |yS IS « Center of mass deviated by 6% from center of geometry on all axes
+ Angular momentum of a reaction wheel (0.42 Nms)
on the minor axis of inertia (y-axis)
Center of mass (1) [0.078,0.030,0.078] m
Angular velocities (@ [0.0,60.2,0.0] deg./min.

Tuer angles in deg
g et weice Bl i deg, Smin
k4

===

» 13 Ty 15 AR [2:=] k] B0 WO 1O 1300 100 O

Nipaad (o in ran [gaad tarred of PR
®phideg| ®ibeideg * peildegl LRt T P L e A
Attitude angles in deg. Angular velocities in deg./min.
2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 10
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. Assumption
Z-years analysis.

157

Center of mass deviated by 6% from center of geometry on all axes

« Angular momentum of a reaction wheel (0.42 Nms)

Both the norm of angular velocities on the minor axis of inertia (y—axis)

and angular momentum are

L Center of mass
almost same as the initial values

Angular velocities

(1) [0.078,0.030,0.078] m
2 [0.0,60.2,0.0] deg./min.

E0.5 QARE
- 04215
£ o421
E w :
03 E
o =
- £ 04205
E =
-EE-I.'IZ‘ -
hot ERR-TH
Ebﬂl E
o
2 ™ oares
=

2419

e Q4185
[+ 0.5 o% 0.75% 1 L15 1.5 LTS g [+

Elapsed time in year.

Norm of angular velocities in deg./min.

0.5 o% 075

Analysis on Attitude Motion of ADR Target in

2021/02/25 LEO

summary

L15 1.5 LTS

Elapsed time in year.

Norm of angular momentum in Nms

11

Residual Aneular
Center of mass angular Angular velocities g
momentum
momentum

% shif
.6A) shitt Zero < +6 deg./min. Max 0.25 Nms
in all axes

o b
6% shift Zero <+6deg./min.  Max0.18 Nms
in x axes

: Single spin

0]

i:fllsz;zs 0.42 Nms the rate of 0.42 Nms
60 deg./min.

2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 12
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Discussion

* The satellite starts rotating again after a certain period.
* The operation without increasing rotation of the satellite is

necessary during the deorbit process.

® \_r(deg/min) w_p(deg/min) w_y(deg/min)

N

i N\l
i P

0 120 240 360 48 600 720 840 960 1080 1200 1320 1440

in deg./min.

Anguler velocities

L T T T SR N B2 o ®
]
pod joeg
——

Elapsed time in min.

2021/02/25 Analysis on Attitude Motion of ADR Target in LEO 13

Conclusion
* This research demonstrates the short-term and long-term

variation of Euler angles and angular velocities of the target

object in LEQO.
* \We obtained quantitative analysis of attitude for debris in LEO

to clarify mission requirements.

Future work
* Redefinitions of the shift in center of mass and initial momentum

are needed after detailed target determination.

Analysi Atti Moti fADRT i
2021/02/25 nalysis on tt\tudeLEc(;tlono arget in 14
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B0OS

BEEN DT TV BESHT

Overview of Space Debris from Economics

g i, O\ B, Bl o (MUSCAT AN—R- V=T 7)),
FHE B (RAERT), EH B, KA &I OuUNKRE)
NAKAWATASE Ryuji, oHATTA Shinji, UEDA O. Hiroko (MUSCAT Space Engineering Co., Ltd.),
SAITO Kenji (Waseda Univ.), HANADA Toshiya, MANAGI Syunsuke (Kyushu Univ.)

FHAIMBEIIENNZ 7 a— VT 7y ar O KYIE o O T D R ESMBRFEL B E[FIEE D R
5. PMDI0% I/ T+ADRS~10 1/ Year 2MEHLIE BREFEHERF I M THHIED TADC OEFH AL~ TH
OENIZEN TS, LL, PMD (ZFEITRA I EFAHT . ADR (ZOW I ARO R 71508 Jidt
20, H oS H DM, FRFE PRI 23 FEF ISR E V. B EORFIRIE DO BF AL, OB
BRRENSOT Fuar—nE RKRIEITSVER. — 7 BERBEFIII/aREFEO— 0Ll TA
I A EPASIERL COBERA R THY EMEZEEN D IPCC 2B W CHLIR KR E A H - TWA, £
ZTCAFRETIX, ZOEZ FHZE 7T, HEENCT ZURIE N2 PMD & ADR O ARDALE ST 250
W25, 2L T, FEDBEBEINZT ANSILDH] L A BRSO REE IR T5.

Space debris is an emerging global environmental problem. PMD of 90% and ADR of 5 to 10 every year is
required for maintaining the status of LEO. Fulfillment rate of PMD is, however, still in unsatisfied level and its
associated cost of ADR is unclear. This provides the challenge from both of technology and economics. Previous
studies on economics of space debris are mostly analogy from environmental problems on the earth.
Environmental economics, holding two Nobel Prize winners, can potentially provide key tool to understand this
problem. In this study, we provide how environmental economics merits on understanding and solving debris
problem including cost of PMD and ADR. Finally, we discuss requirements for economic scheme which are
acceptable in international space scene.

This document is provided by JAXA.
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Overview of Space Debris from Economics

O NAKAWATASE Ryuji (MUSE Co.), HATTA Shinji (MUSE Co.),
SAITO Keniji (Waseda Univ.),
HANADA Toshiya (Kyushu Univ.), MANAGI Shunsuke (Kyushu Univ.)

2020/12/08
9th Space Debris WS @ Chofu Space Center

DL_20_09_05_muse

Background (1)

» Space debris is urgent problem.

« Typical problem of ‘externality’

« Externality or ‘fault of market’: Cost for mitigating debris is not
included in economic activity for space development.

* Pre-consumption over utility or pushing cost to the future generation.

- Field of ‘environmental economics’
* Emerging field of economics since 1990s’.
+ Pollution, greenhouse gases, ocean plastics, over development, etc.

» Domestically, it's not applied for space debris yet.

DL_20_09_05_muse 2
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Background (2)

» Ex. SSR (Space Sustainability Rating) is proposed abroad.
* Letizia et al. Acta Astronautica, 2019

I =p.-e.+pe-e.  Effectof collision and explosion

Atoper te t
I =ft I(a, i)dt+a<f I(a, i)dt) +(1-a) (f I(a, i)dt)

o Atoper Atoper

Under operation Under PMD Under Natural decay

* Discussions are conducted form practical aspects.

» There is no basement for systematic estimation of economical and social
influence of SSR to Japan.

DL_20_09_05_muse

Index

Problem of externality

* Review of past literature.

[1] Nodir Adilov*, Peter J. Alexander**, Brendan M. Cunningham***, “An Economic
Analysis of Earth Orbit Pollution,” Environ Resource Econ. 19 Jan. 2014, Springer.

* Purdue Univ., ** FCC., ***USNA

[2] Molly K. Macauley****, “The economics of space debris: Estimating the costs and
benefits of debris mitigation,” Acta Astronautica, volume 115, October—November 2015,
Pages 160-164

****Resources for the Future (Thinktank)

* Our activity
Evolution and target

DL_20_09_05_muse 4
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Problem of externality (1)

» External cost: If not, market price falls and goods are over supplied.

- Space consumers and suppliers over enjoy surplus from the development.

Price 4

Surplus of space
consumers

Surplus of space
supplier

Price

Surplus of space

Supply curve  consumers

Surplus of space
supplier

Demand curve

\der‘nand

External cost = debris

Over supply &

Supply curve

Demand curve

S

XE Quantity XE

Problem of externality (2)

XE Quantity

« PMD/ADR lowers inclination of the external cost curve.

» ‘Environmental/Pigovian tax’ or sales of ‘emission right’ can be applied for the cost for
lowering the inclination.

* Appropriate models of demand curve, supply curve, external cost curve

are necessary.
7 l ADR/PMD Price
7

Supply curve

Environmental ‘

Demand curve

>

XE Quantity

P -
-
Supply curve
Demand curve
XE XE Quantity
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Review of Ref. [1] (1)

 Surplus (or profit) of a space supplier per one
unit of space service by a satellite ;.

mi/q; =pj—c—1/q; = F/q; Price

A

m; - Surplus (Profit)

p; * Price of a unit of space service

¢ : Cost for a unit of space service D
q; * Quantity of service by one satellite of a supplier

r : Cost for launching a satellite

Supply curve

. . . c
F : Fixed cost for operating a satellite Demand curve
XE Quantity
DL_20_09_05_muse 7
Review of Ref. [1] (2)
» Surplus of a space consumer i per one unit of
space service.
S =u; —pj —t-d(i)) Price
s; * Surplus which j serves to i
u; - Utility U ™ Suool
p; - Price of a unit of space service S; HPRly curve
t : Accessing cost to a space service 12
d(i,j) : Distance for accessing a space service /
(abstracted inconvenience) -
] . ) ] Demand curve
- Evaluation by introducing number of launching 1
L which maximizes | or] . XE Quantity
DL_20_09_05_muse 8
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Review of Ref. [1] (3)

* Neglecting existing satellites and existing debris. Z: number of new launching
» Assuming fully competitive market.
» Assuming total quantity of the demand as one: the demand per a satellite is /L.

Maximizing the suppliers’ surplus Leom = \/(1—k¢()i:£;2¢8)—tk¢)p)

Maximizing the sum of surpluses of the suppliers and the consumers

. _1 B+ —-kp)t
soc = 5 (1—kdp)(r+F+B(A—kp)F)

B: discount factor, ¢: probability of a satellite which becomes debris. k : probability of a debris which
destroys satellites.
DL_20_09_05_muse 9

Review of Ref. [1] (4)

Lcom, Lsoc INCrease as k¢ approaches unity.
» The decrease of competitors becomes dominant and increase p: the price of services.

» The optimum number of launching for the suppliers is double of that of the
whole society.
+ The tendency is similar even if you assume r, launching cost, as a function of
preventing debris.
* Assertion and discussion
* Voluntary approach is not effective.

+ Command and control is ineffective. Its not reasonable to force heterogeneous
supplier to obey same regulations or to use same technology.

« ADR
« it's not clear how to distribute the cost to consumers.
» Environmental tax (Pigovian tax) is reasonable.

* ADR should be conducted by some environmental tax.

DL_20_09_05_muse 10
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Review of Ref. [2] (1)

* One Period Model (2011-2030, 2031-2050)
* Analysis of contribution of the number of satellites to the external cost.

» Using ‘benefit ’ instead of ‘utility’. ‘Benefit’ is usually used for public works.
* Emphasizing space development as infrastructure.

« Evaluating productivity loss of satellite by debris collision as externality.

* In Ref. [1], the maximum value of sum of consumers’ surplus and
suppliers’ surplus is used for evaluation of externality.

Review of Ref. [2] (2)

» Assumption

C: Additional cost for debris including avoidance and defense

P: Profit of decrease of collisional risks

R: Rebate

» Without rebate: Indifferent to the other suppliers’ satellites.
C=P

» With rebate: Conscious to the other suppliers’ satellites.
C=P+R

« Combination of environmental tax & rebate is equivalent to a deposit
system

This document is provided by JAXA.
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Review of Ref. [2] (3)

* Result: Tax, Graveyard tax and rebate, Avoidance tax & rebate
» Environmental tax & rebate is more effective than straightforward tax

Loss of productivity: 10%, large collision probability

Tax [M$] Graveyard tax/rebate [M$] Maneuver tax/rebate [M$]

Low (0.003) 0.3 0.2 0.1 0.1 0.3 0.1 0.2
Medium (0.012) 1.2 0.9 0.3 0.6 1.0 0.2 0.8
High (0.020) 2.1 1.6 0.5 1.1 1.7 0.4 1.3
Loss of productivity: 50%, large collision probabilit

Low (0.0003) 1.2 0.9 0.3 0.6 1.0 0.2 0.8
Medium (0.001) |4.6 34 1.2 22 3.8 0.8 3.0
High (0.002) 8.0 6.0 2.0 4.0 6.5 1.4 5.1

DL_20_09_05_muse 13

Our activity (1)

* Previous studies require improvements from viewpoint of engineering.
* By height of satellites — congestion degree, orbit decay
+ Division of intact objects from the others

* An example of modification;
+ Surplus (or profit) of a space supplier per one unit of space service by a satellite .
i/q; =pj—c—71/q; —F/q; — Cy/q; — Cp/q; — Ca/q;
C,, ‘- Avoidance cost for a satellite
C, * PMD cost for a satellite
C, ‘ ADR cos for a satellite

DL_20_09_05_muse 14

This document is provided by JAXA.



HE [AR—ZFFVT—ray | H#EERME 167

Our activity (2)

» EX, we are considering about ‘Filed of utility density’, ‘filed of surplus
density’ and ‘field of externality density’ in orbital space.
v;: velocity of a satellite
I1; : surplus produced by a satellite per unit time 7”151 [
S: area of a circle which has avoidance distance

;. density of the orbital space

l_[] oe U]S]Tl'] then, Tj o ¢ H]/(U]SJ)
* If another satellite pass the orbit with v,g/vith avoidance radius of S,,
Vioj
I1; o< II;
S

Next evolution and the target

* Prediction of appropriate cost for the orbital space utilization

* How to raids the funds for ADR
 Orbital space utilization tax
 Trading of launching
* Deposit system for PMD/ADR

» Considering economical impact on satellite enterprise, ADR enterprise,
space industry and whole society

* Important is, the externality is not from debris but from the moment
of launching.

This document is provided by JAXA.
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Leading the Development of an On-orbit Servicing Economy

ORE Jtf5 (TAMRAT —ViR— T4 TR )
oOKADA Nobu (Astroscale Holdings Inc.)

RS ET 140 £ LA LEZHET D, TANOAr — L7 )V —TF 1%, a7 L7 [Tl 2E MO S iR x4
% RPO HAff )&= HW, 24 R —2—onr vy NREEFR ~L R TR il ie/e FEM I 52 8%3
AN AREED S F E#LE CLL N4> OluE B —E &AL F7,

O EJEK T OB ZEY —E A (End-of-Life Service: EOL) 1K #.5E

QEAFET 7V DY —1 Z (Active Debris Removal : ADR) {8/

@& @I Y—E A (In-situ Space Situational Awareness : ISSA) {K#LE/ IR #LIE ]S

DT R FF Ik K Y — A(Life Extension Service: LEX) # 1L #LiE

T ar TR, YHREED ESEOYV—E ZRONELE D RAET L EEOD BURAS 2 - K - KR L B8+
5, FHBGRIZESD D IER G ~OBRM AL I L ET,

Astroscale has a growing team of over 140 people in five countries and is contributing to the safe and sustainable
business continuity of satellite operators and launch service providers by using its core "RPO technology for
non-cooperative objects in outer space". Astroscale is developing innovative solutions across the spectrum of
on-orbit servicing missions and across all orbits including (1) End-of-Life services (2) Active Debris Removal
(3) In-situ Space Situational Awareness and (4) Life Extension. In the presentation, we will provide an overview
of our technical solutions, as well as discuss how we are working to define the business cases and working
with government and commercial stakeholders to develop norms, regulations and incentives for the responsible
use of space.

_ Astroscale offers multiple servicing options @'

Dol Sapivairng

. - .
[T Canatatimsn; F am (ot

G J . Geo

Dieons. Dwbunct satetes | ' Oxpprating saeites

=] =
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Astroscale

Leading the Development of an
On-orbit Servicing Economy

9th JAXA Space Debris Workshop

Astroscale Holdings Inc.
February 25, 2020

©Astroscale

On-orbit Servicing (OOS)

This document is provided by JAXA.
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Space is not Sustainable

More than 25,000 objects larger than 10cm. Only 3,200 of them are active satellites™.
Both accidents and intentional breakup events can produce large quantities of orbital debris that remain as threats for years or centuries.
Because all objects travel at extremely high speeds, even very small ones can destroy active satellites or endanger astronauts.

LEO GEO
(Low-Earth Orbit) (Geostationary Orbit)

Takes 90 minutes to circle Earth. Travelling at exactly the same rate as Earth (24 hours/day).
Travelling at 7-8km/sec and takes at altitude of 200-2,000km The speed is 3km/sec at an altitude of 36,000km

-© : Image:: ESA
Image: © NASA Goddard Space Flight Center (https://www.esa.int/Safety_Security/ESA_and_the_United_Nations_team_up_for_space_debris)
* As of September 2020

: : v
_ As space becomes more congested, safety is essential @

Uncrewed Spacecraft Crewed Spacecraft

| Space Tourism will
Up to 46,000+ | enable thousands of
new satellites | people in space
1
- 1
5 o o I L X8
e B :
i #'\: .p"’{ 1 SPACEN
o ST S !
- w:- - ! BLM
3,200 ' o N :
i |
Sé’iaﬁtfs”% 2 - »7 1 61SS ﬁ
orbit ,\; -5 ,-\‘;' 1 Crewmembers ;
1
- R B ! s 1 i AR
2020 2030 2020 2030
Source: Aerospace Corporation
©Astroscale 4
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g B
"'“‘—“-j R
= d

—
._-_1,:

. ,' ' .,_'{ i‘ @ What is Space Sustalnablllty?

d_ t's to Iear Orbital nghway_

The Space Sustainability Ecosystem

.-#-ﬁ.

O©Astroscale
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7
On-orbit servicing expands the value chain @

/ Space Sustainability Ecosystem \

* RPO technologies
/ * Right set of regulations \
/ Throwaway Culture X Servicing Culture
$108B/year

* Life Extension * End-of-Life
* Manufacturing * Active debris removal
* Construction * Orbit transfers
* Refueling
* In-situ

\\ j SSA/Inspection /

©Astroscale 7

So.. what does space sustainability really mean?

A Net Positive.

©Astroscale
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Company Overview

_ We are a global company solving a global problem @

R ———
- =g BE s
| == 1 o .
o b e 'y "_. Astroscale Holdings Inc.
Astroscale U.S. Inc. . '_F'i|-+ o P2 " Astroscale Japan Inc.
Denver and Washington—=", ¥ { Wy~ . 5 .5'% ;8:%0
2(?19 s e Astrascale IsraelLtd ot T PO
.._\ .-:' Tel A\}jV Yo - e .-“.-"\ 3y, .
Y _J 2020 - - oW e
]| v " Astroscale Singapore Pte Ltd ., ./ )
N T Singapore = i
e 2013
Z =
= '
=j 5 offices * 170 members $191M
Multiple business lines
>20 awards ﬂ Key roles .
| 2 for OOS

©Astroscale
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Core Technologies — RPO Technologies

AT R

175

Q)

Observe and Define the injection
determine the orbit and launch
client orbit. epoch/window.

client.

Absolute navigation
approach from a
distance. Match the
phase, altitude, and
orbital plane of the

Relative navigation
approach with the
client as a point
using the on-board
sensors.

Client fixed point
and orbital
observation. Fly-
around the client
and match the
momentum
(tumbling).

; (QFar-range \ @Short-range >®Diagnosis and >@ > ) >
DObserve cIlent> (@Launch approach approach Fly-around Capture @De-orbit
t
<_;r. !_L f— P —
X > ) Fae——=
» - g
A= &

Capture with Performs a de-orbit
servicer’'s capture maneuver to reduce
system. the client altitude and

Stabilize attitude
assuming a center of
gravity when
docked.

re-entry. Put on target
sea area when
necessary.

RPO Technology (Rendezvous and Proximity Operations)

©Astroscale

Astroscale Offers Multiple Servicing Options

Q)

Securing sustainability across orbits by leveraging rendezvous and proximity operations technologies

On-orbit Servicing

Low Earth Orbit

Geostationary Earth Orbit

(LEO) (GEO)
I I
[ I || 1
I Future debris I I Existing debris I I Defunct objects I I Operating satellites I
Segment EOL ADR ISSA LEX
End-of-Life Service Active Debris Removal In-Situ SSA Life Extension Service
Servicer
Commercial and Government Commercial and Commercial and
Client Government Existing debris (used Government Government
Defunct satellites from rocket bodies, defunct Defunct satellites and GEO satellites reaching
constellations satellites) unknown objects end of life

©Astroscale
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ELSA-d

World’s first end-to-end debris removal demonstration

Shipment Launch
(Early 2020) (Dec 2020) (Mar 20, 2021)

This document is provided by JAXA.
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We contribute to developing norms, regulations and @
— incentives for the responsible use of space

International Organizations

Governments Space Agencies

. N LA
211N

Industry Groups

Academia, Think-tank .
CQHFEAS  roeaseocn il S8

©Astroscale 17
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BO7
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Recent regulation trend on space debris and Space Traffic Management(STM)

OBAR Z(TANAT—)L)
oIWAMOTO Aya (Astroscale Japan Inc.)

KENZBWTIE, 2019 4F 11 AIZHLE 7 7 VRBIE#E 7S 27 ¢ Z (Orbital Debris Mitigation Standard
Practices (ODMSP) ) @ FLIELL 23 ThoAL7fill, BifE, K HE(E L B (FCO) IZLDT 7R AR T A
YO RIELOFEMMMMTHOIL TR, KEHHZER (FAA) bl L7 72 o0 T, IE<BR eI T5
/X7 Vw272 Ak (Further Notice of Proposed Rulemaking (FNRPM) ) 23AFR S4LD WA A, ZHIVHKENIC
BILT 7 UHEIO LELIZIHIT D sl (FNPRM) 25 221, #am O - KE N OGRS 0—r LT
TUHH OFRIC G AR BEZ LT 5, LT, TNHOEIEDNREED STM (FH 2314 il : Space Traffic
Management) D2 5- 2 DB DN THELET D,

To address the increase in orbital debris in the near-Earth space environment, the United States Government
Orbital Debris Mitigation Standard Practices (ODMSP) was updated in November 2019 and the Federal
Communications Commission (FCC) is currently reviewing their debris reduction guidelines. The Federal
Aviation Administration (FAA) is also expected to publish a proposal and a public comment (Further Notice of
Proposed Rulemaking (FNRPM)) on orbital debris soon. In this presentation, we will consider these recent
updates on debris regulation in the United States, and consider the impact on global debris regulation discussions.
Furthermore, we will highlight the impact of these updates on future Space Traffic Management discussions.

This document is provided by JAXA.
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Pstroscale

AR—RFIYBBIRI2HE - BEDO ML F, FHZEETE (STMDERICDOLNT

Recent regulation trend on space debris and Space Traffic Management(STM)

$oE JAXA RR—RFJTYTJ—%- 3y 7 the 9th Space Debris Workshop

#XEHt 7R FARAZ—)L Astroscale Japan
AA (KIR) %/ Aya Daikuhara lwamoto, Lead, Japan Space Policy

©Astroscale

NZ contents (A

B AR—X - TTERKRDREDEMR
Updates on Space debris mitigation efforts

B STM®D &R D &I DIEM]
discussion on STM (mainly on national aspect)

B FEEH FEDHE summary and what's next?

©Astroscale 2
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1 TITVEBROER

update on Space debris mitigation efforts

_£{k1% overall picture- space debris mitigation )

Legally-binding There is no legally-binding treaty that directly deals with debris mitigation/remediation
o
Multilateral Soft law/ UNCOPUQOS Space debris guidelines (200 7) ITU Recommendation (ITU-R-S,1003)
(State) Voluntary UNCOPUOS LTS guidelines (20 19) . L
kN ‘\ N N
x] X
********************************************************************************************************************************** 11 -~ Need domestig -+~
PRI IADC Space debris mitigation guidelines (2002, recently updated in 2020)  ¥technical standards measures to
Inter-space P implement
agency ESA space debris mitigation XXXX (2004)
EREEE
International ISO 24113(2019) Inputs?
technicalstandard =~ __—— " T
Today’s focus
US BT LIFi% (51 USC Chapter 509) . space debris mitigation guideline (FCC, FAA)

ODMSP
mestic measure

(laws, regulations, 0.\ gpace Ativity Law

Guideli o e S BB & - 2 vmms . . N
uidelines) BA FEEDE WEILE - ERHTEHEOBRORE L CERM ]
i
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ! Inputb?
[}
ERXF Satellite Industry Association (SIA)®DSpace Sustainability guidance i E
Industry rld Economic Forum : Space Sustainability Rating (SSR) . . -
practices/guidelines among
©Astroscale commercial industry 4
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_KE®DZEHI Case Study- The U.S

SPD-3 and review process of existing guidelines on space debris mitigation

= ()

Space Policy Directive 3(SPD-3) (June 2018)
KEKRFERTEIE (SPD-3) (201846A)

Sec. 6 Roles and Responsibilities

(b) Mitigation of the Effect of Orbital Debris on Space Activities

« NASA Administrator, in coordination with other related agencies, shall lead efforts to update the U.S. Orbital
Debris Mitigation Standard Practices and establish new guidelines for satellite design and operation, as
appropriate and consistent with applicable law.

*  The Secretaries of Commerce and Transportation, in consultation with the Chairman of the FCC, will assess the
suitability of incorporating these updated standards and best practices into their respective licensing processes,
as appropriate and consistent with applicable law.

2019 revised Government Orbital
Debris Mitigation Standard Practices
(OSMDP)

20194 OSMDPZEThRA T

FCC space debris mitigation guideline
2020 April R&0O, ongoing FNPRM

REMBBIEZER (FCC)DTITVIERA

151V REL (RELEREH)

~—————

-— - ——

N
\
X NOAA's debris
1 mitigation
1 guidelines
1
’

Applied for USG space activities
KEBFEE - BFOFHEIEHIER

Guidelines applied for licensing for commercial satellites

©Astroscale

_KEDEH|

international operators.

Case Study- The U.S

Orbital Debris Mitigation Standard Practices: ODMSP

+  ODMSPILKEBUF#EICL>TER - AESN Iy avIT# A, The ODMSP apply to missions operated or procured by U.S. government agencies.
2001 EDERERMOTORE, 2019512 124K, The first update since 2001. The revised ODMSP was released Dec 2019.
o SHEEBNEHARSAVICRBIEHIENZEICENNTLVS, The ODMSP intends to provides a guideline for USG activities and provides a reference to domestic and

REGEICHLTEA, SvarvI/ VA FEORICERESND

=

c SHOBEMOESCBEDERICHIET H=OICEHNLELDRH. The USG intends to update and refine it as necessary in the future to address advances in both

technology and policy.
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2019 DRHFARTIE. 2001 FRRTHY LIFSNEN T UTOBENEFL TV,

o S AHEDA T I options for disposal

ERR T HONS (PMD) DFEEM PMD reliability
KEOUXTFL—230(100LLE) large—constellation
RPO(SyT7— #5508 MA) . B2 Y —E X RPO and satellite servicing
BEBNEIT D UBRE (ADRYD R L1 the safety of ADR
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_ KEDEH KFCC Case Study-FCC = 3

+ FCCIZ2004&ICT I VBRI A FS A VERE, MNEBEOROEM, AHIVATL—2av0ESELREDTFEEHCIBEEILERER
T. 2018FE 1M AN L REL FOtXBiA. The Commission first adopted comprehensive rules on orbital debris mitigation in 2004 and this is the
first revision. The changes include the increasing use of lower-cost small satellites, such as CubeSats, as well as plans for the deployment of
large constellations of non-geostationary orbit systems, some involving thousands of satellites.

s 2020F4RIZEIL—ILEHE L (Office of management and BudgetD AR E#B=DEICHNNEEL S, . — IO A LHEEHZE. FCCissued
R&O (Rule and Order) in April, 2020 and also seeks comment in a Further Notice of Proposed Rulemaking (FNPRM) on several issues with
divergent views.

o AREIL—ILIFFCCHSA LU REMETIETORBERVKTBADT I LR ERH LN -ENOFHEITERA SN S, The Commission’s orbital
debris rules cover all Commission-licensed satellites and satellites granted access to the U.S. market.

202044 A RETIRD ELAE (Report and Order)
Major updates made in April 2020

BNV ELLLHEERENSOBHRBATOES - NEOHEL
the new rules improve the specificity and clarity of rules that require disclosure of
debris mitigation plans by satellite companies.

BEFNPRM (BEOERE/TAX) IZHEhTVRELMA

Issues that additional comments are invited (FNRPM)

BROTBHEOERDEA  the probability of accidental explosions

MEEAVRTL—2av |ISDNVT, HRYRVEAMIBET Y RVEIVRTL—a

BRYRI~DHRIEDEA numerical values to collision risk VERERTHETIRENED,
collision risk and casualty risk for satellite constellations on a system-wide
PMDRZ ) probability of successful post-mission disposal basis

ARBEITBRATHHEICLYSIZFEISND AWGEBEIRY
casualty risk associated with those satellites that will re-enter earth’s atmosphere

ZOM, BADFEERE, YX—/N\EYT 1, BERHERE, BREFTLRE. ELE
A, BEFETEETE . SSAD = DFERIE AL L IR DERFAREE

new disclosure requirements related to protecting inhabitable spacecraft,
maneuverability, use of deployment devices, release of persistent liquids, proximity
operations, trackability and identification, and information sharing for situational
awareness.

LEOD#ENEE LIZHFHTX—/\EYT4—ER
requiring maneuverability for space stations located above a certain altitude in
the low earth orbit region

-25% )L—)LREL limiting post-mission orbital lifetime/ the revision of so
called 25 year rule?
-(BUF D) /R UPMDD RN FE LFE VT TSN F=REEE

an indemnification requirement and a surety bond tied to post-mission disposal

7

©Astroscale

BAMNZEHI The case study Japan (A

B4 initiative by the GOJ

The Basic Plan on Space Policy T#%X Road map

FEEEEEEEEEEE

B EHBFEQERFECENT, AR—R - TI[E, FHEHREEKIRERHLELTE
R, IRRICEARMAERLL,

B Space debris was merely mentioned as one of surrounding issues for space policy in 2016
version of the plan and there was no mention in the road map.

vi Space debris management - Developing

technologies for removing and mitigating B SHREERICBEVNTIE, AR—X - FIYIE, FHREOBEZLEKMNET7 7O0—F0
space debris and leading international —DERY, IBRRIZBLWTHRAR—R - TTURNENBEBE LTETO I
rulemaking. B |n the 2020 version, the space debris issues are identified as one of the policy goals and

approaches. The new section on space debris issues are added in the roadmap.

B RBAEICETSH, GOSATOSZEFRE LT, BUGERLBEELADETS5EREZED
Souce: CAO website; F=OERNRFF—LOFRI L PHEY FLEHDHEK,
HE NEFTERARBRHEEREY = TH A b ®  Ministry of Environment has launched own initiative to discuss proper operation and
©Astroscale disposal of GOSAT and its mid-term report on the internal discussion.
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_BARDEH The case study Japan (A

Fal AR—RTFIVICEHTIBFEREEIRIT+—AKESE (2020511 108 Bifk)
The 4t meeting of the Task Force by related ministries on space debris ( Nov 11, 2020)

SHROFHELT, BREFICH LT, UTOHREIC DOV THEBHICEBO & SRS
i z
===t - BFEE0ERKRTEROT 7L,
c SERITHEFHIBFHEEICOVT, FHOTIVILEMHT 2-0DAEKEHEL S,

= e e The related ministries are requested to take proactive measures on the following
= : * Post mission disposal of government satellites to restrain them becoming space debris
+ Take measure to prevent government satellites becoming space debris for future launches.

Souce: CAO website;
H# NEFFERREBIEHEERTD = YY1 Fhitps://www8.cao.go.jp/space/taskforce/debris/daid/gijisidai.html

REE: AR—RTJUBEICETSENRHF—LRELPEABREORR

MOE: the establishment of study group on space debris issues and releasing the mid—term report on GOSAT

PRIREEDRS > b

+ FHBOEDOFEEBEMIANCHT LIFSNHRICONT, BEEAEL L TT I VLFLLICE -5 A & BHESatellites launched before 2018, MOE take initiative to
study measures to prevent those satellites becoming debris.

+ GOSATOT IR YRV ERD=®IZIE, HMEMNFIATELRETH>TH, BREADI v 3 v OREUADCAASHTIZBRETOERBRTHALZELL, Itis
desirable to terminate the mission when the continuation to the succussing satellite is confirmed though the satellite itself is functioning.

. REABEOERNNANDOREICLDT I UL EDHENF L, Toincrease awareness on the issue both in Japan and abroad by disseminating the result of the study.

@Sﬂ#o:sgsgé-’é"i T 744 b hitps://www.env.go.jp/press/108494.html) 9

_EEROHEM The case study- industry (A

The space industry has been actively raising own voice: inputs their opinion on
the reviews conducted by USG.

The USG listens intently to the U.S. commercial space community to hear industry’s best practices and standards.

The Satellite Industry Association

K E Dtrade association, The Satellite Industry Association (SIA) is a U.S.-based trade association
FTIVERESTFHFHICZRSRAZE2LR, It publishes the space safety principles on its website.
https://sia.org/policy/space-debris-mitigation-sustainability/

Space Safety Coalition (SSC)

+ SSCIF. FHEELE. BERKLGTLEDA0DEMERARNLLEET FiRy Y D, The Space Safety Coalition (SSC) is an ad
H hoc coalition of companies, organizations, and other government and industry stakeholders. There are 40 endorsees as of Nov.
2020.

+ 201949 A< Best Practices for the Sustainability of Space Operations |Z/A%K . BIFEDFEA/NFUVADF vy TEALMIZL, &YE
WISOT4RERTTEEBMET B, The SSC published “Best Practices for the Sustainability of Space Operations” in 2019 to
address gaps in current space governance and promote better spacecraft design, operations and disposal practices aligned with
long term space operations sustainability.

o AR=ZRFINITDOVTERBRTHLEELURDTAH—EYMETEIEUMN T, There is one provision calls on satellite operators to
complete the deorbiting of their satellites at the end of their lives within five year.

& RECEOMTE, 25F/L—LEED, BEOTIVERRTEHATRAEVEDRBENEFELTVSIILEDOEN, T, BFEORFIZE
ZBRBDARRNT ST RERBSEMREL TSI LIEERICIET S, This shows that there is a general recognition among
commercial space operators that existing mitigation guidelines are not sufficient including the so called 25 years rule.

©Astroscale Hi 8 source https://spacesafety.org/ https://spacenews.com/new-coalition-seeks-to-improve-space-safety/ 10
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2 Space Traffic management (STM)

STMBS:E D ]

_[FLC®HIZ  to begin with... What is STM? (A

STMIZDWTEBHENaAVEVHRADOHIEZELCRaA—TIEEHL,
LHL., FEEHOREICEAT I EDTHSC LITHE,

No shared definition of STM. The Goal of STM is to enhance safety operation in
space

IAA “Cosmic Study on Space traffic management”(2006)

“...the set of technical and regulatory provisions for promoting safe access into outer space, operations in outer
space and return from outer space to Earth free from physical or radio-frequency interference.”

- RAa—JE LTI, % - REREE. TEIF, BA. EOL. KKBEBRAFET, ART FFLEL,
FELGTHUGFEEDERRT 5-ODELLGTFE

Space Policy Directive-3, National Space Traffic Management Policy of the U.S. (2018)
“the planning, coordination, and on-orbit synchronization of activities to enhance the safety, stability, and

sustainability of operations in the space environment.
S>FEHIHOREICERN,

©Astroscale 12
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[ZL®I= to begin with... What is STM? (A
STMIZa>t T b, A&k VEE. AR, LRILGEEDEWVICEESBRAREIC

EEMGELRNILEON. BERDOLRILOELZOH
Global level or national level ?

BffiE S R T LD RO, LO—L (UL—ILPORH) OFELEDA, Technical
System(e.g. SSA) or rule/regime/regulation?

fyFTEOUDRENLT Y TOF7 TO—FEBELTLNSDD
Top Down or Bottom up?

BREMDELT VY - TAvIH?
Comprehensive approach or building blocks?

EEMRREDL. AREH

Management or Coordination or Enforcement?

EZEDREDEALIT. EEOHBENEA LT -EFRFZEharmonization - ¥ TA
EEWVWSKRELT Yy THR—BREM
Focuses on incremental the bottom up approach with wider participation

©Astroscale 13

KEDEH Case Study- The U.S (A

Organizational: Civil SSA/STM agency STM/SSAIZZSERNDMBEI AT LDOER

SPD-3
«  Civil SSA/ISTM®D & E|% EfH#34 (DOD)Miscivil agency (B #5# (DOC))IZBRET 5 L5 R, GBEDADEEFHDL)
Tasks the civil SSA/STM agency’s role from DOD to DOC so that DOD can focus on SDA and national security.

REISSAY—EX-FON/5—%FRA

(AHERE,)
HEB T EREHATITDT .

National Academy of Public Administration #4553 (NAPA report) (August 2020)

B KEEOEEICKY. REFEDH LS TOSTMOMEEZIBSOIE L4 L BHERE,
—KEFEE Hllead agencybii BT EMNE Y

At the request of the Congress, the report identifies Office of Space Commerce,

- DOC as best suited to lead STM function outside of the national security sphere. ) :
BASIC/Public service
(no charge) (#&%})

FAA Streamlined Launch and Reentry Licensing Requirements (SLR2) (Oct, 2020)

B FAAGEFMZER) A T LT -BRABT2HANDBERELYFRIL - RELLDET DCHET. ETOBHENLFTEREDITS EIFEBRAIZD
WTHBOSA A PRLF[AMEAEIND, —D2DF( o ATEREEIDIT L IFHATEELL S (BEDHFZED) . N TA—IVAR—RADHRH,

©Astroscale 14
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_BAER®DEH| The case study Japan slowly but surely @

Fal AR—RTIJICETIHERREEIRIT+—AKESLE (202011 5108 %)
The 4t meeting of the Task Force by related ministries on space debris ( Nov 11, 2020)

B FHXBEERELT, PERG. ER. BEZOMOBEFADHYHIZDOL
T, ¥ AEELTERMTRER FRBEOBHEZBRLTUVLKREEERVED
MNELUIZZ OBBETEL T K O OBRET—F2 5 J IL—TEHDIC
??ﬂﬁ HMIFEEFE BRELT. WREMGIEAHERET S LERE

B IAXADSTI4 EEICHEL TV 2EET J Y BREEERMTTORITEETIC.
HELES—EXETSCHE2>TORARE LTODIL—ILERE,

— BABRE LT, AFHEMICFERBEEZARICERT SDITHDIR
o (STMOMZIZEZET S DK, FEELEMOMICHEET HH. STMELT
BT HDIETH, )

B To develop mid to long term guidelines on issues related STM as orbit planning
operation, de-orbiting, that includes setting up a working group to discuss them.

B To discuss domestic rules relating OOS prior to the launch of phase 1 of CRD2

Souce: CAO website; project by JAXA.
H# NEFTERREREERRY T JYS b
https://www8.cao.go.jp/space/taskforce/debris/dai4/gijisidai.html . . . . ) L.
It is the first time for GOJ to discuss on rules on STM with related ministries.
©Astroscale 15

B D The Case of EU Horizon 2020 Q)

SPACEWAY

18'7HFEﬁ( H=%150F1—00OTOP Y b, EUICE > TOSTMOBZZEBET H-OITRELLDIAA1 K54

REICOVWTORBORHDTHAZIT S, STMOEHICEEY H8EH (SSA/STMET) Dl L. EUDFRIEEISS
MSTM( B AN~ TS50 T RORELBEMET S (ChEICIE, FEEREORERE. RERBRUEHR
AIREEDRELEUDFIELFHEFIDRIELED,

to create a common understanding of the guidelines and standards necessary to develop a Space Traffic Management (STM) concept for the European Union (EU). It also aims to
assess European technical available and required capabilities (notably in the field of SSA/SST technologies) with respect to STM requirements; and to provide a set of STM best
practices and recommendations in line with EU interests. This includes the preservation of a safe, secure and sustainable space environment as well as the reinforcement of
European sovereignty and competiveness.

(source: https://cordis.europa.eu/project/id/101004208)
® ZOMNFRFEMAE two feasibility studies

PERASPERA: Space Robotics Technologies

® 20145 5Horizon2020D—# & L TRRMEZE RS, ESAASTI—T 1« *—4%—T. ASI, CDTI, CNES, DLR,
POLSA, UKSAH &M,

® FHEOORT 4 VI ARMHIRMNDFELI A —DREFNDRELGIFEMTHLE/FEEINIEERITT, the
“Space Robotic Technologies” Strategic Research Cluster (SRC)H % 3L,

©Astroscale 16
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NZDEH SELOEHOEE~DBEHEM? (A

The Case of NZ — new trend for oversight on orbit?

Regulatory Platform for Low Earth Orbit

« NZFEHT (NZSA)&Leolabstt AN20204E7 A IZF R
+ LeolLabsttMSIREN ST —RIZE DT, NZSARSA VR
Eﬁ%bf—LEOL@MW@Mi@WﬁZE

. $7’7‘JI~771- LZEBLTNZSAIZ, PHADMLE. FRDAE - #
E.BEONERE. MEEXEDEHROAF. S AEHEET
LBLMGEE DT 5—he AFHTRE,

© FERMICE, BRFAPCKSEBREAMED FRLELTHNS
FiE

“The mission of the NZSA is to provide leadership and regulatory
oversight for our rapidly expanding space sector. Critical to achieving
this mission is putting in place the tools and capability to monitor and
ensure responsible and sustainable behavior.

- Peter Crabtree, general manager of New Zealand’s Ministry of
Business, Innovation and Employment

(H4i88) Leolabs#t 7L R Y 1J—R  hitps://www.prr com/! nd-new-zealand-space-agency-unveil-regulatory-platform-for-low-earth-orbit-300874417.html,

LeoLabs and New Zealand announce tool to monitor low Earth orbit activity
©Astroscale by Debra Werner — June 25, 2019, t : leolabs-and-n land-announce-tool-to-monitor-low-earth-orbit-activity/ 17

_EERZ0OEIm# The case study- others (A

Best Practices XX F FS5HF 4 X EXFEML. & YproactiveZTiRHLIL—ILERHDE, BEMITAR b
T30 T4« REE-

The Space Safety Coalition e

The Consortium for Execution of Rendezvous and Servicing Operations (CONFERS) e
= yA—

BELY—ER (00S)E5 v TFI—#iNERA (RPO)CET 5, EMARADLENI VT % M—

VHRAR—R TOEMY - EALEDOFEEHR - R - AREBIFCEEXRICRT L %28

HET S,

CONFERS is the iindustry-led initiative with initial seed funding provided by the Defense

Advanced Research Projects Agency (DARPA) that aims to leverage best practices from + Guiding Principles for RPO and O0S (published Nov 2018)
?ovher'nmlent;nd |ndtgstry t(t) redse:zrc?, dg\gaéop, :r;:lp%lbllsh non-binding, consensus-derived Design and Operating Practices (updated Oct 2019)

echnical and operations standards for an «  On-orbit Satellite Servicing Mission Phases (published Oct 2019)

B REHARSAU%ERL. 2K, The CONFERS published related guidelines.
https://www.satelliteconfers.org/about-us/

IAF- lISL-IAA MOU

7_:—9 ;:E;ﬁ Data Sharing Formed in 2009, the SDA aims to enhance safety of flight via sharing of
- ~ e operational data and promotion of best practices across the industry.
FHT—H W& (Space Data Association) The SDA is also working to improve the accuracy and timeliness of

e . . . collision warning notifications, as well as working with all interested
n HEEREOMTT —IHBETILOIC2009FISRISNIE  entities to help define the next generation of STM systems and

ROGEEROER, TEGEEFELEEZA VNN\—LT D, capabilities.
©Astroscale https://www.space-data.org/sda/about/sda-overview/ 18
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3 summary and What’s next?

Fé&®H summary A
T kE Us

B SDP-3%%2(f. KEBMIET I VERBRH - M F54 D ORELEES,
The USG is in the middle of process of updating regulations/guidelines on space debris mitigation.

B OSMDPIZDWTIF, tEBFLEEDT JVERRFOA—RS 4 & LTRASNS Z LEKEE LTI,
As for OSMDP, the USG expects the international community to adopt by other states as a baseline for domestic operator regulation.

B RAESEHENRTY v I/3 40 bHBTHONATVSFCCOTIVIERBAA FS54 Vv DREL TR, BEOREMHLEERERDDIDTELL,
NTT—IVREA—RELERFINEMESN TN DS, Fio, GIEERFICHL T, BESRT L, ERFE. REFEL EDFERREZE
KD, o ER—RICHFKFHEEREOT IV EBEREZHET H-HIfEDNh 5,

As for FCC, The U.S. tends to focus on performance-based regulation, not technical requirements. The recently updated FCC guideline
would require applicants to disclose more information about their systems, operations plans, and disposal plans which will be used to
scrutinize their orbital debris mitigation intentions.

B EERORREACHREHNZEELI CENBMTEAEVZH, ChHoDRELBRERICEVWTEXEROER IR,
The USG is attentive to industry’s concerns and opinion over updating regulations so that the updates is not overtly impede the growth of
satellite industry.

BZ Japan

B 2AMICHIME - BENAER, 2L, BEANGREDERITFELLIN TV, There is a positive move but no concrete discussion
in terms of specific measure.

B FEEFHECEISTIVERRICONT, BFFE - RESECOVWTITEITLUBOREDHEE, #EFEQEETH, Notclear of
compliance rate of debris mitigation measures based on the Space Activities Law. There is no means to observe/ oversite the compliance by
the government except reporting.

©Astroscale 2
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_SHROFE What's next? (A

B BROHA K54 D OEH - BFORELHEDN-HDBRNA =TT 1 J
Need for the Strong initiative to make sure the compliance of the existing guidelines

B BIZIE FETIVOBREFEDHARSAUIZTDONTEH, EFE
Audprmmants §ECL shut 20001 by mlesien typu [TEREELEVSDAIFIR, The compliance rate is about
50% even with the current guidelines and regulation on
space debris mitigation although there is an increase of
general compliance rate.
FEE O m HROL—ILICNA T, BT ERRERECTIILLE
. Z, Not only with the update of existing guidelines and
regulations, it is equally important to raise the
implementation/compliance rate.

Wiges i3 Share o rempdusney @ borem o chwrng (e L1 presbrie] prgeon by mee b

ESA’s Annual Space Environment Report (ESA, 2020)

B ERFEORFTHATHEVEDIE? w BRITOVTE, FCCTFIVERA RS OHBHRLEER
Where |S the gap |n the %H"Jﬁ%ﬁﬁ'fﬂ%‘]’&??}'ﬂ—bflﬂ(ﬂ\gﬁﬂ')o For Japan,

.. . . need to follow the major international regulations.
existing guidelines enough?
©Astroscale 21

$#E2NEE What’s next? QD

B EERORRNTSO T4 RAEZERNAOERSF - J0—NILIEIIL—ILDERIC
ESHYRAATLL D,

The importance of how to incorporate the industry’s best practices into domestic and global
standards/guidelines.

B FRSADEPERZESIESTRAATLLD

How to make sure the engagement with new entrants; states or companies to share same
goal and experiences.

©Astroscale 22
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BO8

BHET I ) REBRUSRT L
Optical Observation System for LEO Objects

OPIR. fese, s 1hid, ey # /4 JAXA)
o YANAGISAWA Toshifumi, KAMIYA Kohki,
KUROSAKI Hirohisa (JAXA)

JAXA TIESEMICmE BB 2505 L K#LE T 7 V28104 5720 OBFFERI R &2 3 i L T 5, /N
YREICKA CMOS BV EFRE ., B bELNA KEOEE T — 2 &M B O FETHRIT 52812
X0 10 emfREDZEDO KA YUREIFIZI T VA A L TR THZENA[RE TH D, ANeklE CTldigr o
FFZEIRIL I O R L QOB F R DARHNE T 7 VAR S AT AT DUV TR 5,

The remote observation site for LEO debris was establish at Siding The optical remote observation system using
small telescopes and large CMOS sensors was established in Australia. By analyzing a lot of data from the
CMOS sensors with the image-processing technologies developed at JAXA, number of un-cataloged LEO
objects are detectable. The system will contribute to the space situation awareness in the future.

The quadruple telescope for LEO objects observation. It consists of 4 18cm-telescopes and 4 large CMOS sensors.

This document is provided by JAXA.
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9th Space Debrls Workshop Feb 25th 2021
” & g " . ' R

| Jéﬁan'Aemspa'cé ploratton A gency(JAM )
Researeh and D vTelopment Dtrectorate

T Yanagtsawa, K Kamtya, and H Kurosakt

Abstract

We are considering optical observation system for LEO objects.
Although the lighting condition and the bad weather limit the
observable time, the system will be constructed with extremely low
cost. In addition, optical sensors like CMOS become large, highly
sensitive and less noisy. Combining these sensors with high-speed
data analysis using FPGA and/or GPGPU enable us to establish the
system which will complement the current space surveillance

network and contribute to the SSA in the future.

Concept of the optical observation system

This document is provided by JAXA.
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Background

Monthly Number of Objects in Earth Orbit by Object Type
20000 . - - . .

19000 ——Total Objects 1 t 1 1 1 1 /ﬂ'

18000 - - - : i |
17000 ——Fragmentation Debris | | | | | | | |
——Spacecraft T I ] T T T | T

——Mission-related Debris

13000 ——Rocket Bodies

Number of Objects

@ Space environment is deteriorated with space debris especially in LEO region recently.
@ Dead zone problem. (a few mm to 10cm)

® Inaccuracy of TLE

Observation ability of space objects must be reinforced.

% S T

Space Surveillance Network LTS e 5 Lesosibirsk

Worldwide Network of 20 Optical and Radar (Mechanical & Phased Array) Sensor Sites

Observation methods of LEO objects ISON network of Russia

(DRadar observation: SSN of USA. 24-hour and 365-day observation is possible.
Enormous cost is needed to construct and maintain.

®@Optical observation: ISON network of Russia. Observable time is limited by lighting
condition of the sun and weather. Very cost effective.

@ Optical Sensors(CCD, CMOS) are improving
@ PC performances are improving
@ Position accuracy of optical sensor is much better than radar

Cost-effective ground-based optical observation system of LEO
objects which is used for SSA will be possible. x4

This document is provided by JAXA.
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LEO survey system using the optical fence

About 40 optical sensors are installed to one site.

Two regions of the sky are monitored to get long arc.

Two consecutive passes should be observed for
accurate orbital determination. For this reason,
two longitudinally separated sites are considered.

Component of the system
Optical sensor T ey e 8

[l

Difference between CCD frame(left) and CMOS
frame(right) under the same condition
v

Large CMOS camera developed for LEO objects. The
readout speed is 60 times faster that CCD.

Analysis process (Stacking method)

Observation time
Fa3Ra? o e e

b oo
qu' ™

v v
’a 3 b| | %ﬁl l ﬂ,a’% | An asteroid detect with the stacking method. One
CCD image (left) and the stacked image (right).

% Field 'y

© Moving \ n /
“ Faint moving object Median Image

@Optical sensor: small telescope+large CMOS camera
@ Analysis process: Multi-core PC + FPGA based image-processing technique

Real time detecto of LEO objects of 10cm

This document is provided by JAXA.
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Observational environment

Remote observation
site in Australia

Remote observation site was developed at Siding Spring Observatory in Australia.

Four sets of the 18cm telescope and the large CMOS camera were installed.

The FPGA machine and the

Test scene in Japan multi-core PC for the analysis F

LEO survey using CMOS sensor

To investigate the usefulness of the CMOS sensor, LEO survey observations were
carried out using two sets of 18cm telescope and the CMOS sensors.

To avoid the overflow of the memory, interval observation was carried out. Data was
analyzed with the FPGA-based stacking method offline.

Concept of the interval observation

. 32 consecutive observation
with 10msec-exposure

2 seconds

/

track of LEO objects

Observation time: 90minutes after the dusk on Dec 9™ 2019.
Observation site: The remote observation site at Siding Spring Observatory

Observation equipment: Takahashi 18cm telescope, and Bitran CMOS sensor

Data acquisition: 32 consecutive frames with 10msec exposure (2-second interval)

Data analysis: FPGA-based stacking method 8

This document is provided by JAXA.
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&

0 100 200 300 400 500
A LEO object detected in the survey. 6.1-magnitude. 500 X 500
pixels around the object. Played with 10-time speed. 9

20 times fainter objects
were detectable.

0 100 200 300 400

A LEO object detected in the survey. 9.7-magnitude. 500 X 500
pixels around the object. Played with 10-time speed. 10

This document is provided by JAXA.
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LEO survey using CMOS sensor
109 LEO objects were detected. 58 of them (53%) were un-cataloged.

24cm

Number

B il “1

The faintest object (about 7cm in 4 5 6 7 8 10 11 12 13 14 15
diameter) detected in this study. Top Magnltude(V)
figure shows the original image

around the detected object. The second c . =
and the third images are the stacked Aim  to detect smaller objects with

images using 4 and 8 frames, improvements of observation method and

respectively. The bottom image is the analysis process
final stacked image .

A large amount of data taken by the CMOS camera became to be analyzed using
the multi-core PC and the FPGA machine in almost real time basis.

The technology may contribute to SSA in the future

Precise orbit
determination

Step 1:

Step 2:

One-to-one corres:ﬁonﬁence in
one site data
One-to-one correspondence for each object is needed for precise orbit
determination. Four sets from two sites observation data must be collected.

¥

Circular orbit is calculated using the data taken with each sensor. One-to-one correspondences
are possible for almost all the objects comparing the circular orbital elements.

One to one correspondence in two site data

This document is provided by JAXA.
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Observation
sites:

Ishigakijima Morita Rikubetsu Observatory

Observatory (Okinawa) (Hokkaido)
g T : . Track of LEO objects Q
3 =«

"\

Observation
equipments:

Canon 200mm F2 + FLI ML23042 Canon 300mm F2.8 + FLI ML4240

Observation date and time: Jul/27-28 after dusk and before dawn
Targets:4 TLE-objects (14521, 13589, 20720, 21574)

In order to mimic the observation using the optical fence system described before, some cataloged objects were }
observed from 2 longitudinally separate sites, assuming one of the sensor of the system detects those objects
with no orbital information. Each object was observed at 2 separate sky regions on each site. The first day’s
data was used for orbit determination and the second day’s one was for evaluation of the accuracy of the orbit
determination.

0 P

Orbit Determination

15t day gnd day

Obs data at l(f:slictlil;i‘lt:(tl Obs data at
Rikubet . i
ubetsu Rikubetsu : Rikubetsu
Orbit Orbit of :
— .
determination . 2" day :
Obs data at _I_, Calculated Obs data at
Ishigaki Orbit propagation pOS.1t10n. at i Ishigaki
using SGP4 Ishigaki HH

Accuracy evaluation
of the orbit

Result of the accuracy evaluation

SSC number of objects 14521 13589 20720 21574

Rikubetsu dRA(arcsec) 181.19 34.99 19.62 199.27
Rikubetsu dDec(arcsec) 186.08 33.06 11.08 24691

Ishigaki dRA (arcsec) 96.23 10.84 N/A 195.52
Ishigaki dDec(arcsec) 339.20 14.22 N/A 491.74

The result shows the orbit determinations are accurate enough to track objects next day in spite of quite
limited observation data. In the case of the objects of 13589 and 20720, the differences are less than 0.01-
degree. These facts indicate the proposed optical observation system is quite useful for orbit determination
of un-cataloged LEO objects.

J4XA

This document is provided by JAXA.
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Detection ability of the system

Number of detected and orbit-determined objects was estimated using STK.
Objects of 10cm and larger are assumed to be detected with the system.

Siding Springs Observatory in Australia and one
imaginary observatory located at western side to the
Siding Spring Observatory by 25-degree.

Devices: 40 sets of the 18cm telescope and the CMOS sensor
for each site.

Targets : Cataloged objects

period: Four months from Jan 15t of 2020

About 9100 objects (35% of all the objects)
were detected and orbit-determined after 4
mouths observation using the system.

35% of all the cataloged objects are Weather conditions were not considered.

observable from two sites in Australia!!

Besides, almost same number of un- As shown in the next slide, orbital planes of
cataloged objects will be detectable!!  the objects are rotating around the globe.

\ 4

16 21 26 31 36 41 46 51 56 The sites for follow-up observation
days are needed 15

New detection

Observation Ability

The system can detect the targets
under the condition of lighting for
targets and umbra for the sites.
Change rate of orbital plane
contributes to detect all the targets.
The objects of the small change
rate are difficult to re-observe after
the first observable period. Follow-
up site for polar region can observe
these targets.

Change rate of orbital
plane(degree/day)

Altitude(km)

This document is provided by JAXA.



202 FHAZETFIE M SE R I JAXA-SP-21-001

Follow-up observation

Observabilities of 7 typical objects from the sites
near both polar regions are investigated using STK.

Sitess : Dome Fuji of the South Pole and Svalbard
islands near the North Pole

Devices : 8 sets of the 18cm telescope and the CMOS

sensor for each site.

Targets :
Period : One year from Jan 1% of 2020

7 typical objects detected by the system.

&8 Inclination(° )

110

Svalbardislands " ~ o o
; i S SO——

T - S
scasnpiiume~ Dome Fuji

80 90 100

70

= > 2020/1/1 Observabilities of object® and @. 2020/12/31

50 60

: . ’ : ! Objects D to @ are observable from the South Pole and/or the North
6500 7000 7500 8000 8500 Pole. Objects ® to @ have un-observable period from both sites.

Semi-major axis(km)

Summary

We are considering optical observation system for LEO
objects. Although the lighting condition and the bad
weather limit the observable time, the system will be
constructed with extremely low cost. In addition, optical
sensors like CMOS become large, highly sensitive and less

noisy. Combining these sensors with high-speed data
analysis using FPGA and/or GPGPU enable us to establish
the system which will complement the current space
surveillance network and contribute to the SSA in the
future. We confirmed that LEO objects of around 10 to
20cm were detectable using the basic observation and
analysis unit established in Australia.

J4XA

This document is provided by JAXA.
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Optical Observation Demonstration of LEO Objects from Japan and Australia
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In recent years, the number of low-earth orbit (LEO) objects has been increasing. For stable use of outer space,
it is essential to grasp the position of LEO objects. In order to accurately grasp the position and orbit of those
LEO orbit objects, it is effective to determine the orbit by using observation data from multiple observatories.
Furthermore, it is possible to realize a faster and more accurate orbit determination by using the same path
observation data. Thus, it is possible to realize space situational awareness similar to a space fence using radar
by optical observation. In this study, we will demonstrate optical observation of LEO objects from multiple
observatories. Addition, we realize improvement of orbit determination accuracy by using data of the same path
that observed from multiple observatories. Two observatories, JAXA Siding Spring Observatory and IHI Aioi
Observatory, were used for this study. Those observatories are placed along the angle of sun-synchronous orbit.
In this paper, we will report the observation results of known objects and the results of their orbit determination
accuracy evaluation.

This document is provided by JAXA.
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1. Background ITHI

Space situational awareness (SSA), to understanding orbit of object in space, is
essential for space utilization. Especially in low earth orbit (LEO), the demand for
understanding orbit of satellite and debris is increasing.

IHI have been developing optical observation technology for SSA.

IHISpace Situational Awareness Solution
- for safe satellite operations -

Copyright © 2021 IHI Corporation All Rights Reserved 3

2. Objective IHI

To improve optical observation accuracy, it is effective to determine the orbit by using
observation data from multiple observatories.

Furthermore, it is possible to realize a faster and more accurate orbit determination by
using the same path observation data.

In this presentation, we report the orbit determination result which is based on same
path data from two observatories
(JAXA Siding Spring Observatory in Australia and IHI Aioi Observatory in Japan).

Determined orbit

True orbit

One observatory = Low accuracy multiple observatories > High accuracy

Copyright © 2021 IHI Corporation All Rights Reserved 4
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3. Observatory THI

(1) IHI Aioi Optical Observatory (IAO)

Location
Latitude: 34.7901 [deq]
Longitude: 134.457 [deg]
Altitude: 33.0 [m]

- Specification
40 cm telescope,
CCD camera
Field of view: 1.0 x 1.0 [deg]

(2) JAXA Siding Spring Observatory (SSO)

Location
Latitude: -31.2735 [deq]
Longitude: 149.064 [deg]
Altitude: 1153.02 [m]

= Specification
Four 18 cm telescopes,
CMOS camera
Field of view: 4.3 x 2.4 [deqg]

Copyright © 2021 IHI Corporation All Rights Reserved 5
4. Data Processing THI
@®IAO @SSO
Convert the end points of bright line in Extract the position on the celestial sphere
image to the position of the object on from the object on the first and last image of
the celestial sphere. the observation.
Pixel at (x1, y1) )
Pixel at (x1, y1) Pixel at (x2, y2
Z e ooy = (Rat, Dect ) o
Observation time /
o2 o | [ 7 o | [2r% = 8‘
ﬂ & by o O q %o o
o o Peaml 2] o3 o] o o
v v v v
% o & o o . QB

% Fleld star ¥
© Moving object .
e Median Image

Faint moving object

Pixel at (x2, y2)
= (Ra2, Dec2)

(Observed image with 1.0 [sec] exposure)

Copyright © 2021 IHI Corporation All Rights Reserved 6
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5. Observation IHI

<IAO >
- Standby-observation

Lighting region

< Target Object >

- Known

- Non-operated

- Ascending

- Orbital inclination:
97.2[deg] ~ 100.5 [deq]

- Low earth orbit

N5 Shading region

Copyright © 2021 IHI Corporation All Rights Reserved 7

5. Observation IHI

< Case_1 > Observation from 2 observatories for 2 days
- Object : CZ-2C R/B
- NORAD ID : 28480

@ : observed

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13
SSO ||AO SSO|IAO SSO [ IAO | SSO [ IAO | SSO [ IAO | SSO [ IAO | SSO [ IAO | SSO | IAO | SSO | IAO | SSO | IAO | SSO | IAO | SSO | IAO | SSO | IAO

Case 1| @ ‘ e O ‘ L N J e o o o [ ] [ [ ]

* IAO Obs in Day 1

IAO Obs in Day 2 &<\ Ay M—rg 'i\
QB IAO \

& SSO0 Obs in Day 1

\.
\
\
\
\
\i
\.
\.
\

\

SSO Obs in Day 2

Path Day 2 Path Day 1

Copyright © 2021 IHI Corporation All Rights Reserved 8
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5. Observation

THI
< Case_2 > 2 Paths Observation in 1 day and 1 path observation
- Object : SERT 2

- NORAD ID : 04327

@ : observed
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12
SSO ||AO SSO|IAO SSO | IAO | SSO | IAO | SSO | IAO [ SSO | IAO | SSO | IAO | SSO | IAO [ SSO [ IAO | SSO | IAO | SSO | IAO | SSO | IAO
[ I J
Case_2 [ ] ‘ [ ] [ ] [ ] [ [ 2N BN
(2paths)
L L L

‘ &
IAO Obs in Day ;§<§’g \ \
IAO

¢§ 2"°' SSO Obs in Day 1
SSO Obs in Day 2

i / 1% 580 Obs in Day 1

Path Day 2 Path Day 1
Copyright © 2021 IHI Corporation All Rights Reserved 9
6. Evaluation IHI
(1) Effect of the number of observatory (2) Effect of 2 paths observation in 1 day
Determined-orbit from ) Determined-orbit from
. 1 observatory data Distance from 2 paths observation data
Distance from (IAO Only) Reference orbit (Day1)
Reference orbit Y
Determined-orbit from 1
N\\
Reference
orbit

Determined-orbit from

1 path observation data
(Day2)

observatory data
% N (SSO Only) %,
i
y
I
I
[
\
\

Reference
orbit

TLE Determined-orbit from
2 observatories data TLE
(SSO and IAO)
NOTE:

Determined-orbit from

2 paths and 1 path observation data
(Day1 and Day2)

(1) In all cases, we evaluated change over time of the difference from “Reference orbit* and

determined-orbit or TLE.

(2) “Reference orbit” which is calculated from all observation data, is regarded as the “most
probable orbit“.6

Copyright © 2021 IHI Corporation All Rights Reserved
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(1) Effect of the number of observatory

<Comparison orbit>

211

ITHI

<Case_1> Data of Orbit Determination | Total time of Orbit determination was improved
Cz-2C Day 1 Day 2 observation . .
NORAD ID: 28480 | SO | 1A0 [ sso | 10 [sec] by using 2 observatories data
SS0 Only ® ° 8.6
IAO Only ® D 5.6
SS0 and IAO [ Y O O 14.2
=550 Oinby{smoothing) =0 Only{smoothing) =550 ard WMO{smoothing)
80.0 550 Only 140 Only 550 and 140 W

£ 70
E Date of last obsenvation : 1AO onl
£ 600 | i y
8
c 50.0
5
T 40.0
E
g2 20.0
=
w
]
E 20.0
2 SSO only

/

10.0 : :
0.0 . ! JI'\ SSO
and IAO
6 8 10
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6. Evaluation IHI
(1) Effect of the number of observatory
<Comparison orbit>
<Case_1> Data of Orbit Determination Total time of Wlth 2 Observatories data,
NORACDZ[S-CMO SSODay 1|AO SSODay Z‘AO °b5[efva]“°” orbit determination accuracy will
oo T e e e e — be equal or better than TLE.
TLE N/A N/A
4.0
—_ —550 and IAQ(smoothing) —TLE(smoothing)
£ 3s $50 and 1AO TLE
E Date of lawt chiervation
5 3.0 i
a TLE epoch =
g 25 o q SSO and IAO
= e
I 20
E
.g 1.5
5]
E 1o §
S o5 7
i
on & : . : + :
0 2 4 6 8 10

Time of Orbit Propagation [Day]

Copyright © 2021 IHI Corporation All Rights Reserved
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6. Evaluation

(2) Effect of 2 paths observation in 1 day

<Comparison orbit>

FHITZEWE T BB RE R E B JAXA-SP-21-001

IHI

<Case_2> Data of Orbit Determination Total time of W|th 2 paths observation,
Cz-2C Day 1 Day 2 observation . . - -
NORAD 10: 04327 [ 550 TR0 T80 T 01 sec) orbit detgrmlnatlon accuracy will be better
Day oo 126 than orbit from 2 observatories data.
Day?2 [ ] [ ] 7.0
Dayl and Day2 [ I ] [ ] [ ] 19.6
—Case_2! Dayl|smoothing) Case_2: Dayl
—Case_2: Day2(smoothing) Case_2: Day2
B0.0 —Case_2: Dayl and Day2{smoothing] Case_2: Dayl and Day2

Distanece from Reference Orhit [km)

Copyright © 2021 IHI Corporation All Rights Reserved
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6. Evaluation

(2) Effect of 2 paths observation in 1 day

<Comparison orbit>

o Tate of last plneration

Day2
(1pth
observation)

Day1

(2paths
observation)

(2paths + 1path)

0 2 4

i Day1 and Day2
|/ Yy y
10

6 8
Time of orbit Propagation [Day] 13

IHI

Even though, total observation time is short

<Case_2> Data of Orbit Determination Total time of i . i
cz-2c Day 1 Day 2 observation (less than 20 [sec]), orbit determination
NORAD ID: 04327 S50 | 1AO | SSO | 1A9 [scc) accuracy will be equal or better than TLE.
Dayl and Day?2 0 [ ] [ ] 19.6
TLE N/A N/A
——Case_I: Dayl and Day2(smoothing) ——TLE(smoothing)
16 Case_2: Dayl and Day2 TLE -
' TLL epach
Dabe of latt ohssnation

— 1'4 L4
E 1
= 12
5 H
S 10 |
2 :

bl
EE‘ ' TLE
o I -
= 0.6 E.L.-_____.a—-'-—-h-—-_-_.——~—_..__________ _________ e
£ {
@ 04§
g i
B 02 R e — «— Day1 and Day2
N .
=] b | (2paths + 1path)

00 K t t + 1 4
0 2 4 6 8 10
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7. Analysis ITHI

< Objective >
Investigated the deference between reference orbit and determined-orbit in the view of the
orbital elements.

< Method >
Replace one of the orbit 6 elements of the reference orbit with that of the determined-orbit.

<Result>
Semi Major Axis (SMA) is the most predominant element for orbit accuracy.

NORAD 1D:28480

Max Disitance
SemiMajor True Arg
No. Name Epoch . Eccentricity . Inclination RAAN ArgofPerigee | from Reference
Axis of Latitude
orbit in 10 days
[-] [-] [-] [km] [-] [deg] [deg] [deg] [deg] [km]
1 [Reference Orbit 15 Oct 2020 13:46:31.466 UTCG 7174.543 0.01379 109.648 98.072 315.156 231.718 -
2 |Obs Orbit 15 Oct 2020 13:46:31.466 UTCG 7174.546 | 0.01380 109.648 98.072 315.157 231.822 3.109
3 |SemiMajorAxis |15 Oct 2020 13:46:31.466 UTCG | 7174.546 | 0.01379 | 109.648 | 98.072 | 315.156 | 231.718 | 3.492
4 |Eccentricity 15 Oct 2020 13:46:31.466 UTCG 7174543 | 0.01380 109.648 98.072 315.156 231.718 0.268
5 |TruArgofLatitude |15 Oct 2020 13:46:31.466 UTCG 7174.543 0.01379 109.648 98.072 315.156 231.718 0.169
6 |Inclination 15 Oct 2020 13:46:31.466 UTCG 7174.543 0.01379 109.648 98.072 315.156 231.718 0.031
7 |RAAN 15 Oct 2020 13:46:31.466 UTCG 7174.543 0.01379 109.648 98.072 315.157 231.718 0.047
8 |ArgofPerigee 15 Oct 2020 13:46:31.466 UTCG 7174.543 0.01379 109.648 98.072 315.156 231.822 0.983
Copyright © 2021 IHI Corporation All Rights Reserved 15
7. Analysis ITHI

Even though, Difference of SMA is small value, distance from reference orbit will increase
after few period.

Reference orbj Determined-orbit

Distance from
Reference orbit

t=0 t =24 hour t =48 hour t=72 hour
If only difference is the angle of the orbit, the distance from reference orbit will not increase.

Determined-orbit Reference orbit
LN

- -
\ : / AN AN 277N
S, N
\

) Distance from . =
t=0 t = 24 hour Reference orbit t = 48 hour t =72 hour

Copyright © 2021 IHI Corporation All Rights Reserved 16
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8. Conclusion IHI

< Conclusion >

(1) Orbit determination accuracy was improved by using 2 observatories data.

(2) Even though, total observation time is short (less than 20 [sec]), orbit determination
accuracy with 2 paths observation will be equal or better than TLE.

(3) Semi Major Axis (SMA) is the most predominant element for orbit accuracy.

< Future Work >

(1) Acquire highly accurate orbit determination technology that can be used for
SSA/STM services

(2) Orbit determination of unknown object.

Copyright © 2021 IHI Corporation All Rights Reserved 17

IHI

Realize your dreams
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Simultaneous Photometry and Spectroscopy of GEO Satellites

OB &7, Wl AR, BA BE—/8, A 2
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oFUJIWARA Tomoko, NISHIYAMA Kota, OKUMURA Shin-ichiro, NIMURA Tokuhiro
(Japan Spaceguard Association)
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The basic study of optical light curves and spectra of active satellites in geostationary Earth orbit (GEO) is quite
useful to construct some methods to understand characteristics of unresolved space debris. Analysis of the light
curves helps to estimate the shape and motion of each object and spectral measurements enable to discuss surface
materials. We have made simultaneous observations at adjacent observatories. Bisei Spaceguard Center (BSGC)
has 1.0-m/0.5-m telescopes to acquire light curves and the 101cm telescope with a low-resolution spectrograph
has been used at Bisei Astronomical Observatory (BAO) located 100m from BSGC. The target objects are three
GEO satellites located at around 1400 E.: Japanese meteorological satellites HIMAWARI-8/9 (International
Designator 2014-060A/2016-064A) and an Australian communication satellite SKY MUSTER (2015-054A). In
this paper, we discuss photometric and spectroscopic characteristics and their temporal changes. Additionally,
observations of another satellite QZS-3 (2017-048A) are scheduled in late September and it is possible to present
supplemental data.
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" the 9" Space Debris Workshop (24-26 Feb, 2021)
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Target Objects

Quasi-Zenith Satellite

SATNAME  HIMAWARI-8 Qzs-3
(MICHIBIKI-3)

Int’l| Designator
(COSPAR ID) 2014-060A 2016-064A 2015-054A 2017-048A
Dimensions
(in-orbit) 5.1mx8.0mx5.3m 12m X 26m X 9m 7.1mx19.0mx5.4m
(stowed) 2.2mx2.1mx2.9m 3m X 3.5m X 8.5m K
Launch mass 3,450kg 6,440 kg 43t
Dry mass 1,300kg ? 1.7t
Power
generation 2.2kW 16.4kW 6kW
(End-of-Life)

© Cabinet Office

© Mitsubishi Electric ’ ‘
ref: Meteorological Satellite Center (2018), Takahara, T. et al (2014) & Cabinet Office (2019)
https://spaceflight101.com/ariane-5-va231/sky-muster-ii/

© Gunter Dirk Krebs 4

2. Observations and Data Analysis

5 sﬁkw;

Bisei Spaceguard Center (BSGC) e g o o 2
| Location 34040'21"N, 133.32°20”E R i Bisei-cho, Ibara,
T R Okayama
o o LR RS2 AT
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Bisei Astronomical

Observatory (BAO)

Observation Type

Telescope

Focal Ratio
Optical Configuration

Mounting
CCD Camera
Chip
Array Size (pixels)

Pixel Size (um)
Pixel Scale

B Photome BAO (Spe op
Date eathe £ 5
hararcrtarictire nf cnectra hy catallite FREIE
nalracitCliolivo Ui D}JC\'LIG Uy S4aLCHIILC
018 HIMAWARI 8
2 ¥ 20~ 15:47~16:22 \\ 14:55~16:34 HIMAWARI 9
2 Sky Muster
HIMAWARI 8
O 00 N/A 14:51~19:14 HIMAWARI 9
Sky Muster
019 , . ~ .
%/ 17:46~13:10 o8 14:38~18:50 HIMAWARI 8
6 Feb (intermittently)
1:44~11:56
04 Ma temp()raig'lgen%%scﬁf spectra’ 15:03~18:42 HIMAWARI 8
020 "
2 -e- N/A \ 14:17~18:40 Sky Muster
8 Ap 2 N/A N/A QZzs-3
ep 00 10:07~14:50 334 14:36~19:34 Q7ZS-3 +a
De o> 9:38~19:33 1071 13:25~18:50 QZS-3 +a
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-

Observation Schedule (Photometry Ctros:
BSGC (Photometry) BAO (Spectroscopy)

Date Weather Number Time (UTC)
Time (UTC) including exposures for Flat, Comp & Ta rget

of shots standard stars

Simultaneous Observations B
S S 15:47~16:22 159 14:.55~16:34 HIMAWARI 9
(Hy a miracle) Sky Muster |
HIMAWARI 8 8
N/A 14:51~19:14 HIMAWARI 9 _
Sky Muster 8
900 14:38~18:50 HIMAWARI 8 &
(forunknown reasons) :
11:44~11:56 573 bad data i
15:39~18:07 (due to clouds)
N/A 14:17~18:40 Sky Muster [
N/A N/A QZS-3
10:07~14:50 334 device failure
9:38~19:33 1071 missing standard star spectrum
’ ' (due to bad weather)

= gy

Image of the BSGC 1.0m Telescope

designed for survey and tracking of:
* Space Debris in orbit
* Minor Planets especially Near Earth Objects (NEOSs)
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Image of the BSGC 1.0m Telescope

designed for survey and tracking of:
* Space Debris in orbit
* Minor Planets especially Near Earth Objects (NEOs)

Image of the BSGC 0.5m Telescope

with the same design as the 1.0m Telescope
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Light Curves for GEO Satellites (2018-05-19)
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Light Curves for GEO Satellites (2018-05-19)
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L1S/Sb/L5S-Antenna Covers

Reflector-2
Ku-band Antenna a;m a=0.553

Reflector-1 —___
S-band Antenna

L-Antenna Cover (MLI?)

°‘=0'4ﬁe'ﬂ:
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SAP: Solar Array Panel
MLI: Multi-layer Insulation

a: absorption
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ref: Cabinet Office (2019)
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Reflector-2
'Ku-t')anf:l Aptenna ;:6-.?3—17 e . Antennas: details unknown

* deformed parabolic
reflectors (depend on the
communication waveband)

* elliptical shape aperture

a L
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1100
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25\
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ref: Cabinet Office (2019) (Unit: mm)
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Light Curves for GEO Satellites (2020-03-20)
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Light Curves for HIMAWARI-8/9 & SKY MUSTER (2021-02-04)

Light Curves for GEO Satellites (2021-02-04)
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Energy Spectra (2018-05-19) * HIMAWARI 8
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Low-dispersion Spectra on 19 May, 2018 * Sky Muster
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Comparison of Spectra (2018-05-19 vs 2018-10-13)

Low-dispersion Spectra on 19 May and 13 Oct, 2018

“]-15 L 1 | 1 1 L |
4000 4500 5000 5500 G500 fooo 7500 8000

G000
Wavelength (A)

2018-05-19 Fiux Ralio on 19 May, 2018

T T T T T

8,,= +19.8° SKY MUSTER: 151-
HIMAWARI-8: 164

HIMAWARI-9: 159

Flux Rata

o

SKY MUSTER - no difference

s 500 \ﬁlm iﬂ

HIMAWARI-8/9 > remarkably different

.'-I ?
SKY MUSTER: 155°

HIMAWARI-8: 164°
HIMAWARI-9: 160°

This document is provided by JAXA.



HE [AR—ZFFVT—ray | H#EERME 233

| AHI (Advanced Himawari
¥ Imager) covered by silver MLI

e

-- ¥ ~ Ka-band Antenna
MLI (black KJPEGR

| . dependence
Asahi Shimbun e

p—— ,a.,..._-‘..__..,,_.__ R

——MLI (silver)
——Solar panel

NER | : L
7000
Wave length A [A]

Spectral reflectance of typical materials.

Best Research-Cell Efficiencies 2010?~ t: NﬁEL
52 = a
Triple-Junction
Cells (2-terminal, lithis Thin-Film p © JU Ct © IMEA% Soitec
LM = Iatice matched © CIGS {concentrator) GaAs CeIIs (MM, 302) o, 267)
48— MM=mesmopiic ® CiGs [FG-SE/ Sai
IMM = inverted, mesamorphic o Cdle ™ Sahe| oo
¥ Three-unction {concentrator) © Amarphous SiH (stabilized) . S E
44 |~ 'Y Three-junction non-conceniralar) Emerging PV 2l (MM, 406x) o
A Twodunchion (concentrator) O Dye-sensitized cells - i SocloSoecolsh.  Bosip SRR,
A Two-junction E;e;;aﬁnoemralm) o F;mvsk\le cells Dual JU nction mmﬁs:] s (MQM gaoxj
& -
401 O Fourjuneton or more (rwnwnoenlrator) ® Organic cells g ! GaAs Cells - Sﬂmmh 5 NREL (6]
Single-Junction GaAs A Organic tandem cells
Ags\ngle e # Inorganic cells (CZTSSe) 00 P~
S| il s & Quantum dot cells (various types) . - A
 Thinfim crystal O Perovskile/CIGS tandem (monolithic) S|n g| e Crystal a4 ). . =
oy Crystalline Si Cells J___ s n”' L ‘gREL[lJN =
o 32 @ single crystal (concentrator) Varkn GBAS Ce”S - 1 ahe =
m Single crystal (non-concentrator) (216} I
5 O Wutticrystalline Varlar =
c %l ® Silicon heterostructures (HIT) (205%)
Iy W Thin-fim crystal i e e p =y
E 140x) Vﬂlaﬁz é,efystall H’-}G-SI—Ge"'S
24— ———— NEW v
w e S Single*Crystal FIGISE g0 Sot
= (7). Watson Ly = === UKW oy /\.._ ( Ng Y! ) NREL Samp S SO
[7] 2 Ressarch Center) UNSW o i Georgia Eummm (14x) -8 = 3
— I SOMgIa
[&] Geaps KIS = oL WL MREL Z
NREL NREL NREL U, Stutigat_ - #FNGS
16— - v’ 'w'u fQ T";'
0 NREL niv of Queenslan
Vobil Site ). g Solrex —VREL [ VU, Sugert Uil Misubiéhi KRICT AST
Solar Boeing o NREL EU0CIS  jisciar UniSslar (aSiincSiinesi)__ . -O V"""
12 o) - !
O thcm Enevg‘f oy SCUTr'eF\exPV
Malsushita T UCLA
O X >
8- Yo "/UC WIT U, Toronto
Ul Maine U Linz /Gl o U Toronlo
0 / ~ [Posan) -
4= g
J/NREL Ei
(ZrnOJPﬂS-DD] =
L L L1 (R (N A L1 L1 1 L1 TR T R | TR 1 |
0 1 1 | 1 | L | | | g
1975 1980 1985 1980 1995 2000 2005 2010 2015 2020

This document is provided by JAXA.



234 T2 TR P FEREAE R R JAXA-SP-21-001

Structure and Efficiency for Solar Energy Utilization of
Triple-Junction InGaP/GaAs/Ge and Crystalline Si Cells

Area Rate = Efficiency of energy conversion

\ - Energy distribution of sunlight

= l.G. — .
v p nGaP (Top)
N N
= (In)GaAs (Middle) X
: — .
Tr—— p|Si|\ ‘
Ge (Bottom) :
P .

ref: https://www.nedo.go.jp/hyoukabu/articles/201111sharp/index.html

Reflectance Spectra of Crystalline Si and Triple-Junction Cells
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Figure 6: Reflectance spectra of two laboratory samples of solar cells. Left: solar cell sample from the Hubble space
telescope solar array retrieved in March 2009 (~3.23 vears in space); right: triple junction solar cell sample.
Schildknecht, T. et al. (2009)

Replacement of SAP from Si to GaAs cells in
Service Mission 3B (March 2002)
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Figure 6: Reflectance spectra of two laboratory samples of solar cells. Left: solar cell sample from the Hubble space
telescope solar array retrieved in March 2009 (~8.25 years in space); right: triple junction solar cell sample.
Schildknecht, T. et al. (2009)
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Low-dispersion Spectra of 2014-060A an 16 Feb, 2019
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Normalized Spectra by the Last Data
(with the Smallest Solar Phase Angle)

Flux Ratio of 2014-060A on 16 Feb, 2019

Contour of the reflection by SAP
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Normalized Spectra by the Last Data

(with the Smallest Solar Phase Angle)
Flux Ratio of 2015-0544A an 18 Jan, 2020
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B11

54 bA—TEE & H-2A R/BETILZRAV-BERER
Light Curve Observation and Reproduction Experiment Using Model of H-2A R/B

OBy #8, BIR 5, Ak IEA, A sk (JAXA)
oKUROSAKI Hirohisa, YANAGISAWA Toshifumi, HAYASHI Masato, KAWAMOTO Satomi (JAXA)

FEMAT 7 VERZ (Active Debris Removal, ADR) I%, FHIGEEIO L AR L, £t il ie/2 Tl R 2%
BRI 2720 LRHED 1 DTHLHN, T 7 VEMETHIGA5 ., FANIY —7 y hOEEAEE) )M
WD ENDD, FDIDH = DTA N —T DIafE L TH—7 hORBASTEENIZ B 451
EEONIUR., T 7 VBREI vy ar EBUT T RS /2D, £Z T 60cm ZiEdil CMOS B4 afi L C,
ADR X BREMD—D>ThD, HARD H2A aryhd 2 Br B DOTA M — 7 BINZBRE LT, £7-. BLIL-
FTANI — T 957012, P32 —F— LI EN D EBRFRE CEBREEmLT-, FHF Il —
A —"TlX, H-2A R/B DA —/LET NVZMHL, Bl L COMRDORAER), K57 mEBEL T, H
FEESECEP LG EDOTA N — T E B TED, T2, TN —7 ORI ME R G 572012,
CG ZHHLIZIA M —T 132 —a Y — L EBRE L, Zhicky, 2 —2—%2fHL T4
I —7 % BG4 5730 O FEERIE I 23 KRG T s D,

Active debris removal (ADR) is one of the most promising methods for ensuring safe space activities, free from
the danger of debris. In order to carry out an ADR mission, the attitude and motion of the target must be
determined precisely in advance. Developing methodology to extract these values using only the target's light
curve would be a great step forward. We started the light curve observations of the ADR candidates, 2nd stages
of Japanese H-2A rockets using the 60cm telescope and the CMOS sensor. In addition, we developed an optical
simulator in the laboratory to mimic observed light curves. The simulator can reproduce the exact light curve
that considers the attitude, movement, and lighting conditions using a scale model of the H-2A R/B. We also
developed a light curve simulation tool using CGs that can estimate the overall tendency of the light curve, which
will dramatically reduce experimental times for simulating light curve using the optical simulator.
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OKUROSAKI Hirohisa, YANAGISAWA Tos!}lfuml
HAYASHI Masato, KAWAMOTO Satoml
Japan Aerospace Exploratlon Agency JA
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Y Active debris'k g methods for
ensuring safe’'s Pris. In order to
carry out an AD 2target must be
determined pre plogy to extract
these values usi g be a great step
forward. We started e ADR candidates,
2nd stages of JapaneSennsat————_—_esbUcm telescope and the
CMOS sensor. In acdi pptical simulator in the
laboratory to mimic obServee e Simulator can reproduce
the exact light curve that considers'the"attitude, movement, and lighting
conditions using a scale model of the H-2A R/B. We also developed a
light curve simulation tool using CGs that can estimate the overall,
tendency of the light curve, which will dramatically reduce experimental
times for simulating light curve using the optical simulator.
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Brightness(ADU)

Q)
600 1100 ' Observar
Observation time(sec)

* Light curve observation IS easyse effective as compared with
the direct imaging with the adaptive optics.

+ Technologies to estimate motions and attitudes of targets must be
developed.

)

’ -
—
™,

The optical simulator for simulating Iight_‘}cun‘n'js was developed.
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— The scale model of H2A R/B

3-DoF linear stage L
e

The optical simulator consists of a 3-DoF (degree of freedom) linear stage, a 3-DoF”
rotation stage, a light stage, a scale model of the target, and CCD cameras. A )
The optical simulator can simulate the orbital environment including lighting “=

condition, attitude and motion of the target. 9 ." .
Simulated light curve is created analyzing images taken by the CED camera” \

CCD images of the
scale model of H2A Ealls
RIB

The simulated light curve. The scale fjdel is rotating at 3 deg/s

about the minor axis. O
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N 35°54°05”, E 138°10°18”, Altitude 1,870m

kY

2 I/It.yukasa |n Nagano pr(_eje@ture, NEToE]

g |
- ."
A\ W4
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e /] B e

Light curve observations of 4 H-2A R/Bs The light curve of 39771 observed on Margh

are being carried out using 60cm 19, 2019. Two strong peaks are observable
telescope

i
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l_ Small
' difference

Red: Observed light curve

Green: Simulated one. Gravity
gradient stabilization. PAF faces the

earth.
Blue: Simulated one. Gravity

gradient stabilization. Nozzle faces
the earth.

i lg=ta=digital wnmiy

s .
i reS Fara 1 - Fu. i rivsas P e o] Feal Fr .
wleray ol o U ima W1

Red: Gravity gradient stabilization

Green: Tilted +5 deg from the line of
gravity gradient stabilization

Blue: Tilted -5 deg from the line of
gravity gradient stabilization

analog=-to-digital unit

a . . . S . . . .
71788 71750 71800 71858 71968 71950 72080 720858 72188 721508 72200
observation tine{uT}
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Red: Gravity gradient stabilization

Green: Tilted +5 deg from the line of
gravity gradient stabilization

Blue: Tilted -5 deg from the line of
gravity gradient stabilization

analog-to-digital unit

a 1 . M. L . . L L
71788 71758 718088 71850 71988 71958 72088 72050 72108 72158 72200,
observation tine{UT}

dlained by

the target

changes.

Peak timing
the targets.

The result explained

A lot of observation and simulation are needed for
total understanding.
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A light curve simulation too

being developed to reduce
experimental time for simulations.

The tool creates light curves of each
component considering its reflective
properties, attitude, and lighting condition.

Simulated light curve of PSS

$)

The experim hat the light
curve of the 19, 2019 is
explained by ization where
the payload at to the earth. It
was also estab

peak timing. This mMeaNSE——— ETarge ay be determined
using the times of Although this is one
case out of countless Jexactly the same light
curve is the one step toware albunderstanding of the ADR
targets from light curves. Many more light curve observations and
the simulations under the various conditions are needed to extract
additional information on the H2A R/B for actual ADR.
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Statistical Analysis on In-situ Measurements of Small Space Debris

OmA Brig, i 7288 (RATHERZ R 2)
oFURUMOTO Masahiro, SAHARA Hironori (Tokyo Metropolitan University)

REEH 2 mm TRV EIR WU N AR—ZF TV 3 LD OBUAIA R ATRETH S, B N—F A
UM 572 8 U TR B A RE L X155, ZORBEICH LBAE, B2t Va3 L7 2 1200
F 7V EE E BT 2R EIAE E THEO SN TEY, ZOBIIT —X2 DR A FE AN BGSS.
FCARFEFETTIE, ZEfI - BERTPOIZ S i FE DS IR S A e BT — 22 URERH IR ETE 3
HZETREA IRT S HE CHDHZ AR T . £7, ZERIMDAAICEL T, BRELTAa7 4V X%
LT NT 7V OWGE i 53 A1 2 BRI HEE T2 FIEICOW T, gL oL —a kiR e Rmd. £
72, BERI AR OWT, BRIRATIOA H2 IR ILE £ TR L Z OBEZHEE T D720 D Fiks
LCHA RBREL MR ELERE AL, 332 — 2 a Al IVREaEd 5. koM7Y osE
BRNCBITHZNOLOFEOTERICLY, FHBIHEOLLFH Al aetEom EaEiffshs.

The impact of small pieces of space debris (less than 2 mm in size) that ground-based observations are unable
to detect can cause fatal damage to a spacecraft. Accordingly, to monitor the environment of these small pieces,
in-situ measurements that utilize on-orbit impact sensors capable of detecting small objects are being advanced.
This study proposes statistical methods to analyze the in-situ data of small debris, which has high spacial and
temporal resolution. First, the sequential Monte Carlo filter is applied to estimate the spacial distribution of small
debris. Second, this presentation describes that temporal changes of the debris environment can be detected and
assessed utilizing the Chi-squared testing and Akaike Information Criterion. These proposed methods are
evaluated by simulations with an engineering models to simulate impacts with small debris. The methods
proposed by this study can contribute the sustainable space development and utilization by providing better
knowledge of small debris utilizing the in-situ measurements.
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Statistical Analysis on In-situ
Measurements of Small Space Debris

T 7V EE LR T — Z DR FE

Masahiro Furumoto
Hironori Sahara

(Tokyo Metropolitan University, Japan)

9th Space Debris Workshop

mn  2021/2/25

Background

Sub-millimeter-size Debris

* Small debris (< 2 mm) can neither be tracked nor detected by the ground-
based observations

* There is a difference between the existing models (MASTER / ORDEM)

* Impact of small debris can cause a fatal damage on a spacecraft

Small debris impact Cables severed by an impact with simulated debris (0.3 mm)
Nitta et. al., 2010

on shuttle window (NASA)
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&/ UNIVERSITY

Background
In S|tu Measurement

%f. = —— — Small Satellites ——————

o,
A IDEA by Kyushu Univ. and Astroscale
(Launch Failed)

Space Debris Monitor on HTV-5 Space Debris Sensor on ISS

(image credit: JAXA) (image credit: NASA) 4 ASTERISC by
Chiba Institute of Tech.
and Tohoku Univ.

Advantages of in-situ measurements:
High resolution of time and location of impacts

Ishimaru et al., 2020

h o2 021225 9th Space Debris Workshop

UNIVERSITY

N/

Objectives

Data from in-situ measurements

¢ Location ldentification
» High Temporal Resolution + izl eEl el

1. Dynamic environmental estimation
» Distribution model of debris that can be updated sequentialy based on latest data

2. Detection of environmental change
Quantitative identification of environmental changes posed by breakups or influence of the solar activity

This document is provided by JAXA.
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Dynamic Environmental Estimation

Concept of the dynamic modeling

A

%

Propagation

£\

Better definition
ﬁ

of the current debris environment

\d

Update

TOKYO

Measurement

metropoLiaN  2021/2/25 9th Space Debris Workshop

UNIVERSITY

Dynamic Environmental Estimation

Estimation Algorithm

(Furumoto, M. and Hanada, T., Advances in Space Research, Vol. 62, No. 3, Pages 533-541, 2018.)

++ Sequential Monte Carlo (SMC) filter

» Optimal Protection Design
» “Collision Alleviation”

: A statistical method to estimate the state incorporating simulation and measurement data

Initialization

System Model

Propagate the state

Observation Model

Calculate the probability
of the measurement data

b

S
Nodal Regression (J>) Detectable Orbital Planes
+ &
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Dynamic Environmental Estimation

System Model

4 State Vector

iXsinQ

Represents the orbital plane distribution of small debris
in circular orbits at same altitude of the detector

» Approximate the environment by an ensemble of orbits
that represent a huge number of debris

. iXcosQ
x(l) = (Nd; Ql; l1, QZr b2, .., Sl?’l' lTL)

Actual Distribution

Ny : Number of debris that each orbit includes
n : Number of orbital planes IR
# Propagation g Coete
x M S .« °°
Ny(t + 4t) = Ny(0) + Aty B .
+ Nodal regression (J;) 3 J,a2 T %t
« Random Noize Q(t + At) = Q(t) + At <—E pz ncosi+ Uﬂ)
i cosQ
i(t +4t) =i(t) + Aty o
Ensemble Approximation

O I o 2021/2/25

9th Space Debris Workshop
N/ UNIVERSITY

Dynamic Environmental Estimation

Observation Model

logl(y1, -, Yn) = Zlogl(yi) —fl(y)dy : Likelihood based on Inhomogeneous-Poisson process
=1 4

@ Orbital plane constraint

The orbital plane on which debris is detected by the
satellite is constrained by the position of the satellite

@ Collision Flux

The collision flux A between two circular orbits is
approximately determined by the torus model

X ., ., YV P
;smﬂ sini —;cosﬂ sin ¥’ +;cost =0

 Debris
- Satellite

>

Lo

0
|
|
|
|
|
P Earth center

Torus model

iXsinQ)
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Dynamic Environmental Estimation

Simulation

day 000
180 2.0%107
MASTER 2009

90 1.5x107
! :
[¢]
o
Simulated impact data o 3
o

=

l 20 1.0x107 .,
X =R
~ 2
=2
Estimation Model =

i 290 0.5% 107

Estimated Distribution
-180 0
-180 -90 0 90 180
i X cosQ

ﬁ.ﬁ‘lﬂgmum 2021/2/25

UNIVERSITY

9th Space Debris Workshop

\

Dynamic Environmental Estimation

Simulation Results

60 . . 180 . .
o Estimation _ Estimation
MASTER 160 |- MASTER ]
50 | ] 1
140 | ]
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Detection of Environmental Change

(Furumoto, M. and Sahara, H., Acta Astronautica, Vol. 177, Pages 666-672, 2020.)

500 T T T T T T T T T T
« Debris environment changes
450 continuously / drastically
E 400 . -
B influenced by S'olar. activity
a * Ejection
£ 350
s + Breakup
Z 300
g .
EP « Sampled data must include randomness
c S
S 200 |

time

6 | 7
— Statistical evaluation is important

150

100
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Time [years]

Collision Flux History in MASTER-8 at 865 km SSO

A wernorourman  2021/2/25 9th Space Debris Workshop

UNIVERSITY

Detection of Environmental Change

Methods 1.2

 Chi-Squared Testing

N/

collision flux: A, detected: n, [#] 3 collision flux: rA , detected: n, [#] time

Null hypothesis: The density of the Poisson process, which is followed by the impact of fragments,
is constant throughout the entire period of measurement.

Alternative hypothesis: The Poisson process with a uniform density cannot
explain the measured quantity of impacts.

(ny —ny)?
Based on Chi-squared testing, the null hypothesis is rejected when x> = —t 2 >384

. nt+n ianifi
(= change confirmed) (significance level 5%)

i 22 X, (e Detectability Equat
Substitute n:1=7,m = (Ideal measurement data) — r=1+71 o 7+4 etectability Equation

(¢ = 3.84)
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Detection of Environmental Change
Methods 22
» AIC Comparison
AIC (Akaike Information Criterion): Criterion to select the model that explains the data (smaller is better)
AIC = —2(logL — Nogram)
Number of unknown parameters in the model

Maximum likelihood

A
X Time-varying A(t) = exp(a + bt)
c . T
s 1. Calculate maximum likelihood and AIC
2 2
Z 2. Environmental change is confirmed
° Constant A(t) =« . . . .
O if the AIC of the time-varying model is smaller
- (also extent of the change can be estimated)
0 T ¢
Time
O I o 2021/2/25 9th Space Debris Workshop 14

/ UNIVERSITY

Detection of Environmental Change

Simplified Simulation

1. Randomly generate impacts following Poisson process
with an expected number of impact and its change ratio
2. Detect the environmental change using proposed methods
3. Repeat 1. and 2. in 200 times and calculate the percentage of successfully detected case

N/

Detectabilit; tion
Results etectability equatio
2 100 100
80 ¥ 80 ¥
— 2 — E
= & - &
g 60 2 g 60 2
< (5} < [
g 40 T z 0 2
= =] = =}
@] 5 @] g
20 3 20 3
) a
0 0
0 100 200 300 400 0 100 200 300 400
Expected Number [-] Expected Number [-]
Chi-squared testing AIC comparison
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Detection of Environmental Change

Precise Simulation

500

» Generate impacts following

450 MASTER-8 definition

5 400 » 100 MC cases

m\;’ * 4 cases of measurement system

£ 350 ;

B (with sensor area of A [m?])

é 300 * Microsatellite, A =0.25

& 250 + Legacy satellite, A= 1

§ 200 » Constellation of microsatellites,

A=25

150 » Constellation of legacy satellites,
100 ‘ . . ‘ ‘ ‘ ‘ ‘ . : A=10

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Time [years]

Start epoch Collision flux [#/m?/year] Change Ratio (r)
Initial Final
Jan 2007 207.2 263.4 1.271
Jan 2014 280.1 152.0 0.542

TOKYO

h metropoLiaN  2021/2/25 9th Space Debris Workshop

\/ UNIVERSITY

Detection of Environmental Change

Precise Simulation

Detection Results (Limit of r: result of detectability equation)
in 2007 (actual change ratio r = 1.271)

A[m?] Ao [#] Limit of r Success Rate [%]
Chi-squared AIC
0.25 51.8 1.62 8 1
1 207.2 1.29 19 39
25 518 1.18 55 81
10 2072 1.09 99 100

in 2014 (actual change ratio r = 0.542)

A[m?] Ao [#] Limit of r Success Rate [%]
Chi-squared AlIC

0.25 70.0 0.58 25 18
1 280.1 0.78 67 74
2.5 700.2 0.85 91 100
10 2801 0.92 100 100
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Detectable Change Ratio [-]
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9th Space Debris Workshop

Detection of Environmental Change

Precise Simulation

Estimated extent of environmental change

in 2007 (actual change ratio r = 1.271)

A[m?] Average Median Standard Deviation
0.25 5.08 5.08 N/A
1 1.61 1.51 0.29
2.5 1.40 1.40 0.14
10 1.37 1.38 0.08

in 2014 (actual change ratio r = 0.542)

A[m? Average Median Standard Deviation
0.25 0.36 0.38 0.09
1 0.44 0.44 0.09
2.5 0.55 0.55 0.07
10 0.55 0.55 0.04

O I o 2021/2/25

UNIVERSITY

9th Space Debris Workshop

Detection of Environmental Change

Requirements on In-situ Measurement

Required mission duration to detect environmental changes
(Calculated by detectability equation)

Detector Area [m?]

025
-1
-0-2.5
-x-10

0 90 180 270

Measurement Duration [day]

initial collision flux = 100 [#/m?year]

Detectable Change Ratio [-]

Detector Area [m?]
025
-1
-0-25
-x-10

Detectable Change Ratio [-]

Detector Area [m?]
025
-1
-0-2.5
-4-10

Measurement Duration [day]

initial collision flux = 300 #/m2year]

Measurement Duration [day]

initial collision flux = 500 [#/m?year]

This document is provided by JAXA.
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1) 1080 e 2021/2/25 9th Space Debris Workshop

UNIVERSITY

Conclusion

Statistical analysis for in-situ measurements provides
better understanding of the environment of small debris

3/

* Dynamic Environmental Estimation

» Sequential model based on SMC filter can estimate distribution of
sub-millimeter-sized debris utilizing in-situ measurements

* Detection of Environmental change

« Statistical methods to identify environmental changes were developed
+ Chi-squared testing: Low computation cost, benefit to on-board detection
+ AIC comparison: More reliable and capable to estimate the change extent
* Detectability equation determines the limit of change ratio of environment

* Requirement on in-situ measurement systems to detect environmental changes
were presented

This document is provided by JAXA.
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77 Ot - EEEBEED-HO SLR RETE Mt FUJI) ORISR

Development of SLR Reflector (Mt.FUJI) for Grasping Orbital and Rotational Motion of
Debris

ORIl #itk, 324 B8 WK 5, AR FHX,
HE B, &)1 fnzz, % A, HF (8— JAXA)
oAKIYAMA Yuki, KASHO Sachiyo, SAKAMOTO Takushi, MATSUMOTO Takehiro, HINAGAWA
Hideaki, YOSHIKAWA Kazuhiro, WATANABE Yuto, NAKAMURA Shinichi (JAXA)

I, FHBREOQMBEMAE N E A THY, FHRIR LR (SSA) B EBRAIZRFRE L 72> TS, 1BH T
HAI(T 7L, L—F BRI P BN LV HLE IR 23 2 S0 503, H LD OHZRNME D EI BT
HlFI 72 L2k, MEREEEIIENE NSt m A —FThD. ITETIET 7V~DT T 7 — Sl 54T
IREENAI T 7V IRZE(ADR)LEEANTRFT SN TS, ADR Tl T T 7 UOELE « [nl#mEE 2402 L D
VERHLH— 5T, i ENST 7Y O RGEE AR T DI IR Th D, ARG ZREHEHL
T, FEL —VRIBESLRICEDEL cm A —4 CTHLERE, SHICHLERERS)DREREE) OHEE
DATRETHD. 163k, U ARITRFEMS THY KA - Sifli Cho7z. UL, KA g2 liZe ik b &7e i,
FERT 7V 72 DM IRIZHE T, W0k - [FHSET OE O —BhE72 D, 22T, JAXA TiI/Ni-jk &%
=7 NP7 S 2 (MELFUIDN OB %% 2018 A LVBIAEL 72, AR%EF TIiE MtLFUIT OFEE
[ZOWTHIET 5.

The dawn of space engineering development brought the rapid pollution and congestion of the space
environment due to orbital debris. Therefore, space situational awareness (SSA) has become an international
issue. Conventionally, orbital debris can be tracked by radar and/or optical observations. However due to
poorness of their visibility from the ground and constraints of observation systems, their positioning accuracy is
on the order of tens of meters at most. In recent years, active debris removal (ADR), which performs rendezvous
and capture of debris, has been actively studied. Although it is necessary to grasp the orbital and rotational
motion of orbital debris in advance, the techniques for grasping the rotational motion of orbital debris from the
ground has not been fully established yet. If the space vehicle is equipped with one or more reflectors, it is
possible to determine its orbit on the order of several cm by satellite laser ranging (SLR), and to estimate the
rotational motion from the orbit determination residuals. The reflectors developed and installed in Japan and
overseas were custom-made, large, and expensive. If reflectors become inexpensive commercial products, they
can be mounted on objects that will become orbital debris, it will help to grasp the orbital/rotational motion.
Therefore, JAXA started development of a general-purpose reflector (called Mt.FUJI) in 2018 with the concept
of small size, light weight, and low cost. In this presentation, we report the overview of Mt.FUJI.

This document is provided by JAXA.
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Development of SLR Reflector (Mt.FUJI) for
Grasping Orbital and Rotational Motion of Debris

Space Tracking.and Communications Center(STCC),

Japan Aerospace Exploration Agency(JAXA)

OYuki Akiyama, Sachiyo Kasho, Takushi Sakamoto, Takehiro Matsumoto,
Hideaki Hinagawa, Kazuhiro Yoshikawa, Yuto Watanabe, Shinichi Nakamura

2020/12/07-09 8th Space Debris Workshop

Contents o LKA

N o ok wbd =

Introduction

What is SLR?

HTV-X and Technology Demonstration Mission
What Is Mt.FUJI?

How to estimate attitude motion by SLR?
Validation of Method for HTV-X Mission
Summary

This document is provided by JAXA.
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1. Introduction

263

© s

» SSA(Space Situational Awareness) is an international issue. Debris can be tracked by radar and/or optical observations,
however due to poorness of its visibility from the ground, its positioning accuracy is on the order of tens of meters at most.

* In ADR(Active Debris Removal), it is necessary to grasp the orbital and rotational motion of debris in advance. However, the
techniques for grasping the rotational motion of debris from the ground has not been established yet.

‘ Break through these issues by SLR (Satellite Laser Ranging) and LRA(Laser Reflector Array) ! ‘

Development purpose:

Research purpose:
Development of compact, lightweight, inexpensive general-purpose Demonstration of Mt.FUJI performance and evaluation of rotational
LRA(Mt. FUJI) motion estimation method by SLR

- Large, and
« Small space objects cannot mount Heavy
LRAs \ N

. Littlg benefit to universities_ and Custom "\l former LRA
businesses at expense of increased -made

weight and development costs.

> Rotation
« Poor visibility after becoming debris Estimation?

.

Key device for high precision orbit \
determination

Although attracted attention as a

means of estimating rotational motion,
not yet evaluated estimation accuracy
since true rotational motion of target

Mt.FUJI: MulTiple reFlector Unit from Jaxa Investigation

Small and
- Light
*  More space objects can mount LRAs <

* Rich visibility after becoming debris.
» Possible to grasp the orbit with high

< Deve]Joped LRA
Mt.FUJI

accuracy. < == Rotation
« Contributes to SSA Inexpensive . .
Estimation \

\___ object is unknown, )
ﬂ Performance demonstration of \
Mt.FUJI can be performed by using

HTV-X.

The world’s-first evaluation of rotation
estimation accuracy by SLR and

LRAs since true value of HTV-X's
rotational motion are known.
Contributes to ADR -/

2. What is SLR?

SLR : Satellite Laser Ranging
High precision ranging system that measures the distance between a SLR

station toward a target mounting LRA to detection the reflected pulse.

station and a target object by measuring time from shooting laser pulse from SLR

* High accuracy ) .+ Sensitive to weather
+ Verification of other orbit +  Interference with sensors
determination methods mounted on space object
* No electrical I/F for space object

» About 40 SLR stations in the world (3 domestic
stations)

» Laser ranging activities are organized under the
International Laser Ranging Service (ILRS)

» Prediction data (CPF) and acquired SLR data
(FR / NP) are uploaded to the public server
which anyone can freely download and use it

» FRis a correction of raw observation data

* NP is a compressed version of FR in a specific
period

* New SLR station is under construction in
Tsukuba Space Center (operation starts in 2021).

SLR stations

LRA
(laser reflector array)

SLR station

Z \ oganei
\ Shimosato

Tanegashima

©ILRS

This document is provided by JAXA.
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3. HTV-X and Technology Demonstration Mission o LA

L 4

Along-Rotation: rotate in along-
direction at constant angular velocity

e

« HTV-Xis the successor to HTV (Launch in FY2022 (planned)) Earth Pointing
» 3 Mt.FUJIs are mounted onto the back side of HTV-X
‘il
* HTV-X changes its attitude when SLR ‘* = —
i 1
« The period, duration(at least one week), and flight mode are currently . Mt.FUJI
being adjusted

« 3 different types of flight modes are under consideration
Flight Modes

* Purpose of the SLR Technology Demonstration Mission
@ Performance demonstration of LRA (Mt.FUJI)
@ Evaluation of rotational motion (angular velocity) estimation method by SLR

- |

Cross-Rotation: rotate in cross-
direction at constant angular velocity

Return to Repeat these
nominal i issi

&/

-y
3. Integrated

Operation Phase Attitude Change

command
stored

4. Technical
Demonstration Phase

#0
i1

2. Rendezvous Phase C g-h:Se:ntry
—

4. What is Mt.FUJI?

I |
3
attitude T
>

attitude N
} ,

Operation overview 5

Mt.FUJI : MulTiple reFlector Unit from Jaxa Investigation

v" Small, light, and inexpensive LRA for LEO space objects developed by JAXA from
2018

v" Smaller and lighter LRA, Mini-Mt.FUJI, is also under development

O

Specifications

» Equipped with 7 CCRs (Corner Cube Reflector; reflecting waves directly towards the

source)
» 45 degrees half-cone angle of FOV(Field Of View)
» Palm size
* Less than 800 km for Mt.FUJI and 400 km for Mini-Mt.FUJI are target altitudes

* 3 Mt.FUJIs are mounted on the cone bumper panel of HTV-X at 120 degrees intervals,

along with a pedestal for adjusting the angle so that each FOVs do not overlap

Mt.FUJI Mt.FUJI with pedestal

Item Mt.FUJI  Mini-Mt.FUJI
Altitude <800 km <400 km
Diameter 112 mm 70 mm (TBD)
Height 32 mm 20 mm (TBD)
Mass <280g <120 g (TBD)
CCR size 1inch 0.5 inch
Number of CCRs 7
FOv 45 deg/Mt.FUJI

(approx. 15deg/CCR)
Material Body: Aluminum

CCR: Fused silica
Cushion: PTFE, PFA

Location of Mt.FUJIs 6

This document is provided by JAXA.
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5. How to estimate attitude motion by SLR? o LA

Basic idea: When a target object is in rotational motion, the CCRs that contributes to the laser reflection is switched to another
by the rotational motion. Therefore SLR data should contain information on the CCR switching. If so, by analyzing the data
somehow, we can grasp the rotational motion of the target?

Step1: J—
Orbit Orbit determination by SLR data or = sl , . . : - C
determination other sources (ex.GPS, RAAN, ...) £ . A i Fak e 1.22Hz
7 (0.82 sec)
osgegﬁa Calculation of SLR residual (O-C) by 7 M g
re-siélual using OD ephemeris and SLR data i 4 b
o Rpaimiawd B RE S SR SEARE R RS BE &
angular velocity d ¥ = *
estimation waveform of SLR residual or by |<—>| 120de |<—>| <—>|
performing frequency analysis . e 9-_82 Sl_ec PP e S e N i L
Flow of estimation SLR residual Frequency analysis

Example

* Using AJISAI SLR data, SLR residual is calculated. Blue dot is SLR residual, and red is smoothing of SLR residual

« <Direct reading>: 1 peak— 2 peaks — 2 peaks are repeated at intervals of about 0.82 seconds. Since AJISAIl has a 120 degrees symmetric
structure, it rotates 120 degrees in 0.82 seconds.

* <Frequency analysis>: When the intensity of the signal contained in the SLR data is calculated for each frequency, a sharp peak is at 1.22 Hz
corresponding to 0.82 seconds.

«  With either method, the angular velocity is estimated to be approximately 146 degrees / sec.

‘ Although such high-speed rotation is impossible for HTV-X mission, is this method effective for attitude estimation of HTV-X? 7

6. Validation of Method for HTV-X Mission Q L4XA

Purpose of this survey Earth Pointing Along-Rotation: rotate in along- Cross-Rotation: rotate in cross-
+ Check if angular velocity can be estimated from direction at constant angular velocity | | direction at constant angular velocity
SLR residual with flight modes and angular

]
1 » ®
velocities under consideration W .’ s .‘_ X‘a‘_ v / .\9\
Survey method 4 " 4‘*
SLR residual(t) = d(t)- r(t) MtFUJI
d(t): dist. b/w SLR station and CCR . , l
r(t): dist. b/w SLR station and HTV-X center of gravity - |
i T . ,

+ d(t) is NaN when SLR station is out of FOV of CCR | | |
+ Attitude motion is considered for orbit propagation | \ \

* Investigate whether angular velocity can be
estimated from SLR residual

o . i
! ||
| 1 |
* SLR station is CHAL, minimum elevation ||. lll |‘1 I\ 4

Result
angle of SLR station 20 degrees, and the
rotational angular velocity is 6 deg/s (which is
higher than the actual experiment) ~6degls
The SLR residuals and frequency analysis . % 12degls Q12d y
results differ greatly depending on the flight = lecegs

modes '
; (} 18deg/s

Although more detailed examination is
required, considered possible to estimate
flight mode and angular velocity of HTV-X
from the SLR residual

This document is provided by JAXA.
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7. Summary o LKA

* Introduction

» Development of compact, lightweight, and inexpensive general-purpose SLR reflector (Mt.FUJI) — Contributes to SSA

» Demonstration of Mt.FUJI performance and evaluation of rotational motion estimation method by SLR — Contributes to ADR
* SLR

» High-precision ranging system using laser

» On-board component is only a reflector that do not required electrical I/F
* Mt.FUJI

» Compact, lightweight, and inexpensive SLR reflector being developed by JAXA

* HTV-X and Technology Demonstration Mission
» Platform for technology demonstration
» Performance demonstration of Mt.FUJI and the world’s-first evaluation of rotation estimation accuracy by SLR and LRAs

* Angular velocity estimation method based on SLR residual
» SLR residual contains information on CCR switching (equivalent to attitude motion information)

» Angular velocity can be estimated by reading directly from the waveform of SLR residual or detecting peaks by frequency
analysis

» Confirmed applicability of the method to HTV-X technology demonstration mission

e Future works

 Statistical evaluation of estimation method by pseudo data analysis and construction of estimation model by machine
learning

» Higher accuracy of estimation method (correction considering geometry for stations at the time of observation, construction
of attitude estimation model, etc.) 9

This document is provided by JAXA.
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Re-entry Survivability Analysis Model of Spacecraft Composite Propellant Tank

OFEAK Be =, #AA fli, 3T B0, A F=—RE, #il f#3 (JAXA)
oSHIMIZU Ryuzo, MATSUMOTO Jun, ADACHI Hirokazu, FUIIMOTO Keiichiro,
IKEDA Hirohide (JAXA)

Qv ar T HOREEE RS HARE FLTRABICHEZEANT I, T2 548 RoHtESRY 7
AR EETCRIET A0, 48 EDVAT Lo TS, # EOZE MR ED7T=d T T HERE R~
CIINERT DN EELL JAXA TIEARMES S22 AL TG /WT AT OB M H#HER 27
DL - B 2 I L TE 7z, B M4 IKE, A ORI DR ARFOIMEVCE S fRL | [ O RN F TRE
WHEDTREO. CEH LTI T BB 2 E L TS IR IC O W TIRIB N2 3L TVva,
JAXA Tli, 7 —Z MBI TOT AR — 2 NZEAGRER S R I S<BWME DT ke, FFZEARRIZE
FEIZAR 2 7 1352 1 228 J7 IINEAER B2 D AT Al 2 1 D T80 | [l 3F 2 B X 7= R A e AR DR 1 &
HI55,

A propellant tank for spacecraft is usually made of titanium alloy, it would not demise during atmospheric re-
entry of the LEO spacecraft and cause a risk to the ground. So, it is desirable that a propellant tank would demise.
JAXA had conducted research to develop an aluminum-lined, carbon composite overwrapped tank for reducing
impact risk to the ground. In the early phase, it expected that the resin of CFRP would decomposed by
aerodynamic heat and residual carbon fibers were blown away by the effect of airflow. However, reevaluation
of the survivability of this composite propellant tank has been conducted by JAXA. We report the re-entry
survivability analysis model based on arc wind tunnel tests , and current reevaluation status.

This document is provided by JAXA.
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AxA

Re-entry Survivability Analysis Model of
Spacecraft Composite Propellant Tank

BERESHEES Y 7 OBRAREUFMET )V

Ryuzo Shimizu, Jun Matsumoto, Hirokazu Adachi,
Keiichiro Fujimoto, Hirohide lkeda (JAXA)

AKEE=, AR, BIIEM, BAE—L, EER (AXA)

9th Space Debris Workshop
FIMRR—RT TV T = ay 1

APA

A propellant tank for spacecraft is usually made of titanium alloy, it would
not demise during atmospheric re-entry of the LEO spacecraft and cause a
risk to the ground. So, it is desirable that a propellant tank would demise.
Sy avRTHROBHERARFENBRETLTASBICERAT SR, FAUASRHOHEREIY
VITBRET T EFETEET L. TELEDVRIELGHT VD,

JAXA had conducted research to develop an aluminum-lined, carbon

composite overwrapped tank for reducing impact risk to the ground.
#EDREMRE EDT-HICIFHERIIMNBERT DONLEELL JAXA TIHBREED
CEEBRLTTAIERRIATDEEMERIVIORE -FAREERLTE .

In the early phase, it expected that the resin of CFRP would decompose by o
aerodynamic heat and residual carbon fibers were blown away by the effect
of airflow. However, to improve re-entry survivability analysis method,

reevaluation of the survivability of this composite propellant tank has been

conducted by JAXA.
R L, EEMOBIEABRAROMBATRSBEL. RRONRTREMHARBL TEHLZS
AFTHBERT DEREL TV =, LALEAS BREAREFHEF EDR LD, COEVEEEKY
BRERRELTERMFMEEEL TS,

We report the re-entry survivability analysis model based on

arcjet wind tunnel tests, and current reevaluation status.
BE. 7—IOMBERTOTANE—RMBARERICE DALV HB8MHED
ETILEEEDTEY. BMFHERKRERET 5,

This document is provided by JAXA.
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(RET3T5R)
Object: Composite Propellant Tank %i“

® Composite Propellant Tank with Aluminum Alloy Liner

Target : Spacecraft
Merit : (1) Low Cost and Short Supply Piriod F4> 424 &U{EaR k- 5a#H

@ Light Weight (equivalent to Titanium Tank) F4> 4 4&R%
B3 (Demissablity) E> Additional Study

» . @g/ (Helical Winded)

Cylinder

( Hoop &
Helical &
Hoop Winded)

Skirt

( bonded structure )

3

GRERZ)
Outline ﬁjiﬁl

Approach Contents at this WS

Preliminary estimation of heat flux during Re-entry
Heating test for confirmation of probable damage
Heating test for construction of heat conduction model

Heat conduction analysis model
(one-dimensional — three-dimensional, anisotropic)

Transient heat conduction analysis (without recession of CFRP)

|

O | © ®eeB6

®

T
Heat flux estimation with 3D shape of tank
Transient heat conduction analysis

Detail study considering several effects.

This document is provided by JAXA.
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® Trajectory : Re—entry from SSO

HPxA

Tool - ORSAT-J (Shape of tank was substituted by “Sphere” .)
Condition : Rundom Tumbling, Constant Mass
1.0 - 100 r d5
Heat Flux of Stagnation il
7 /_ Pressure
N 0.8 L B0 = 20 E-
:E . =
= 06 Leo £ 15 B
x — Altitude > &
= 0.4 40 £ -10 2
E 1 Averaging Heat Flux < E
T 4 (Rundom Tumbling) S
0.2 L 20 Fos @
CID \- {} L DD
0 20 40 60 80 100 120
Time [sec]
5

® Facility:

Test Configuration:

Prupose: To obtain the knowledge about probable damage of

this tank under the expected heating condition.

(B89: BEShIMBEHTICELT, REOEVIVERCHH -BEEBHERT S
TRAME—RIZRETHRGEEHERTSH.)

750kW Arcjet Wind Tunnel in JAXA (Chofu)
(Heating test with high enthalpy air flow)

of the composite propellant tank.

Specimens were declined to adjusting heat flux. 8

The edge of specimen was protected by a
titanium cover to prevent detachment of CFRP
by delamination from the edge.

(TANE—R BHEBRRE: RERHE2IOAFE.
F—LENTAE—RZREL, TRAME—RIFEBMN S D
FIhZfhiE -G 570, F2o A& 8N —THRE, )

Specimens: The specimens were taken from a developing model

This document is provided by JAXA.
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(1Bl R ER SR )
Test Result — Example of Damage

® Test Result (Example of Specimen from Dome Section)

Constant Heat flux: 0.42MW/m2, Pressure: 0.83 kPa (at Middle Area)
(Actuall heat flux was decreased by the bump of titanium cover.)
= CFRP surface layer suffered damaged, but inner layers existing.

(F—LETAME—R, FFEETOIMNEZE0.42MW/m2, [£50.83kPa,
CFRPEDZEBAITHEECHK) (IH2EL00D. BEERINEIRE. )

2000
surface of CFRP (center)
{Thermagraphy)
cmmmmmmmm = Emissivity = 0.55

il | ¢ s e Emissivity =060
__-"' _______ -L_L"IE_#:-"_ missivity

“/ Emissivity = 0.65

Surface of CFRP {center]
{2 color thermaometer)

Temperatue [°C]
g

Back of AL liner [center)
{Termocouples) Y

-30 o 20 40 &0 BD 100 120 140

(After Test) o

(IB{EE R RIS A)
Test Result — Example of Damage

® Test Result (Example of Specimen from Dome Section)
Constant Heat flux: 0.17MW/m2, Pressure: 0.58 kPa (at Middle Area)

(Actuall heat flux was decreased by the bump of titanium cover.)
= CFRP surface layer suffered slight damaged. For conservative evaluation,
under the rundom tumbling condition, CFRP char layer will remain after

the resin decomposed. (CFRPEDRERITORGFIEM. SUF LEVTVL T OEHTIE
: : K e85 fER D CFRPRAL B TREF T D L/S DA B/ I ERE . )
2000

Surface of CFRP [center)
Surface of CFRP [center I“‘-""“''-‘f‘.‘i‘-'_""_li'h'n':l
(2 color thermometer) Emissivity = 0,55
s Emilssivity = 0UGD
5? Emissivity = 0.65
E’ .................
E 1000 :
E' re -
: #
o
500 - ‘_’ ]
Back of AL liner (centier)
[Thermocouples) .
i} i i L i i h
- -20 o 0 40 &0 80 100 120 140
(After Test) Time [sec]

This document is provided by JAXA.
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A4

® Test Result (Example of Specimen from Cylinder Section)

Heat flux: 0.42MW/m?2 , Pressure: 0.83 kPa
(Actual heat flux was decreased by the bump of Ti cover.)

= Recession occurred at CFRP surface layer

(Hoop winded) after 48sec, but CFRP inner -
-

layer (Helical winded) remained. &ao7—7%=mi
BRI S A RATETL TUOCHF ARSI, AR LBERTI
REGETIIRSNAGN, VEyiavEFLANANRIL Y/, )

Time: 119sec

\ — - \A

HxA

® Prupose: To obtain temperature data for construction the heat
conduction analysis model of this tank under
stagnation heat flux.
(B8Y: In#EEALLEMBAREL (DMAVNEL) A mINET RE THRERE TN,
BCEBAET VEEICLELRET —3ENET5.)
® Facility: 750kW Arcjet Wind Tunnel in JAXA (Chofu)
(Heating test with high enthalpy air flow)

® Specimens: The specimens were taken from a developlng model
of the composite propellant tank. - ~
For reference, SUS specimens were tested.

® Test Configuration:
Specimens were heated with stagnation heat
flux. The edge of specimen was protected by a
SUS cover to prevent detachment of CFRP
by delamination from the edge.

This document is provided by JAXA.
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GEH ENIZAHER SR 1)
Composition of Test Item

o 1 \nitﬁs*ﬁjﬂ’é nn#ﬁ%% SUS cover for protecting the edge of specimen
REH/N—
(Sus%) N\
Specimen

TAME—X ——\

F¥7-7<|~t: — 2EE

(R=2F4F)

N\

Insulator sheet

/Drv

?ﬂ%ﬁfﬁ]"‘“/ﬁﬁ (R—2 54 F)

®

FLE (R=7F54 )

11

G s hIZAT BRTZAE
Heating Test Configuration

<:| Flat Surface
(without bump)

Edge Radius: 5mm

Probe of Facility Shape: Probe of Facility

Sensor: Gardon gauge (without bump of cover)
gaug TP: SUS (with Black Body Paint)

Surface with bump |:>

Edge Radius: 1mm

Shape: Test Configuration Test Configuration
(with bump of cover) Specimen from Tank
TP: SUS (with Black Body Paint) | (CFRP.”Aluminum Liner)

12

This document is provided by JAXA.
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(FRERFEER — BIEAIRDRZE

Test Result (Effect of Front Shape

Shape: Probe of Facility
(without bump of cover)
TP: SUS (with Black Body Paint)

Test Result and Analysis (SUS-TP-2-1)

Stagnation
Q 0.5 MW/m?
P 3.4kPa

Temperature [C]
g

:

W &0 S0 0 W M S0
Time [sec]

-9 9 1w 20

e St ai e (T rragrapdsy - 4 = 08T)

— — Bak [Aralys)

Shape: Test Configuration

(with bump of cover)
TP: SUS (with Black Body Paint)

Test Result and Analysis (SUS-TP-1-1)

1500

Stagnation

Q 0.5 MW/m?
1250 1 P 3.4kPa

g

Temperature [°C)
g

250

W 40 50 &0 il & W0
Time [sec)
s Sagifitt [Teavnsgraapbey | o= 0LET)

— = Back {Anahmin)

(GBRAER — BIEIIRORE

13

Test Result (Effect of Front Shape

Shape: Probe of Facility
(without bump of cover)
TP: SUS (with Black Body Paint)

Shape: Test Configuration
(with bump of cover)
TP: SUS (with Black Body Paint)

Test Result and Analysis (SUS-TP-2-2)
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Heat Conduction Anal

« Improve one-dimensional heat conduction analysis model by

fitting to test data.

HE EFNLLEDERN
T—7HER Jr =Y VR, RILEE bUDHEH TOMET— 42 (BIRE) ICESVTRE,
et BEGEELREERL, HERIBOMB~KRTEEEET 1771,
MEEE (@) (FRBEEROBEFEICIS L TALL TRELY, RRIEE, )
HIERIROBB~KRT T 7y —S Vv REREBORYEEER (LLHIERS) .
HIERSRICET 2REBRIERBE~RTRERTHE L ET ML,
CFRP ANYHVEER Tr—VVE. RILEEHT7—TEOMTERN SIEH,
s et ERICIIEERSEROMEBEREMI 2R,
MEEE (@) (7= 7 MBARATOMBRABREROADEARBRICL 3. )
CFRPREIEHE 0.60~0.65TETF AL,
7 — 2 AR TOMBHRBRERICEOVTRE,
(2 BHRETREHOHMERICY -7 7 MBERFES &5 IKRE, )
CFRP/ 54 & RE EEH OO RRE L E TERMEEIER & A0,
(7= MBERATOMBRABEROADERARERICL S, )
TNITAF |HE - REEH AR EHRRIEE ~ RERIRE THF ISR,
e RER S RERE ~EARBRRE THEICKRE & EF L,
EREMHRK (FO—-THR) |[KROTY XL EERILH (300K, BEEE) »>HH,
SUS (70—718H) ORETHERMBEE.
HERRM EREEMEER SUS (#v s TPHEERD) ORR CRIEMRBEHRE,
(hnghse, (2> 7 TPRERTAE) 2v TP (CFRP/7INIF74F) ORMEEADERAZTET 1774,
BREM)  |MARME MEER, T R b & — XEWRTN#HEEZRHIE,
AREADRMEE FTRFE—-2BELAR (AR OREOEICHHILET IV,
MMERENEERE GBEE) ShERAHTHRE,

« Extend to 3 dimensional thermal analysis model (anisotropic model)

(BEAROREERET)

Transient Heat Conduction Anal
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Further Study Plan

Approach

Preliminary estimation of heat flux during Re-entry

Heating test for confirmation of probable damage  , y4itional Test
Heating test for construction of heat conduction model

Heat conduction analysis model
(one-dimensional — three-dimensional, anisotropic)

Transient heat conduction analysis (without recession of CFRP)
|

Heat flux estimation with 3D shape of tank
Transient heat conduction analysis

0@ © ®® 6

©®

Detail study considering several effects.
(Buckling of liner, deformation of tank, increase of heat flux,
pressure distribution, etc.)

19

(A5 IR T OEBZEABRHT)
Re-entry Analysis by LS-DARC

Shape and mass properties : 3-dimensional Shape of Tank
Re-entry analysis by LS-DARC = Heat flux and pressure profile

(on-going)
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® To improve survivability analysis method, additional study about re—entry

survivability of the spacecraft composite propellant tank has been done.
BREAREFMEFEOALOIH. PLIEGERHTIITEATIHIHEEHMERILIERRELTEREAZRSYE
DETiEEBL TS,

® For this tank, it is conservative to expect no recession of CFRP layers,
based on the test results by arcjet wind tunnel.
7—OMBRAFCTOREEREERHND, CFRPED v avEHHELELOABLWNEINHRITHS,

® Heat conduction analysis model was improved based on the heating tests by arcjet
wind tunnel. Based on the analysis result in the case of re—entry from SSO, the

temperature of aluminum liner rises to solidus temperature, but the absorption of

latent heat does not be completed.
RISV IDLERILI-TRANE—RDEH RAMBRBRERNSRERBRNETILERBL-, SSODMLDE
EABFDEEERERMBITHERTIE, ZILSSAFHEHRGEEICETRET SH, BHRRIUZIEESLELY,

® To revise the Heat flux and pressure profile, we have started re—entry analysis with

the 3—deimensional shape of this tank using LS-DARC.
ERIVIOBIRTOMBERVENSHOBEREEZRET -8, LS-DARCZ ALV LTL S,

® Further study will be conducted in consideration of several effects.
Stk HETERERFEFA T RAURREEEL THEREZTITE,

21

This document is provided by JAXA.



HE [AR—ZFFVT—ray | H#EERME 2179

C02

BREGYEETIVICES ) TV ) R2FFEZE LS-DARC DS -

B2 BFRERETILRIETOER
Development of High-Fidelity Model-based Re-entry Safety Analysis Tool LS-DARC:
Part 2 Uncertainty Quantification Process for Heat-flux Model

OffA =18, R)F FH, SR 517, PHIF K,
AR FE=, mE #— (JAXA)
oFUJIMOTO Keiichiro, NEGISHI Hideyo, [IZUKA Nobuyuki, TANNO Hideyuki,
SHIMIZU Ryuzo, OKITA Koichi (JAXA)

FHERBIIZO AL B WD TR AR RO M i IC B W TR R B A2 2 CT& . — 77, FH %
EABBFHE TRERD DOICT DIOIIAR— AT TV B O RN EE ThD. ARBFFRIIHT=727 7 V5
HEMZDIET 7 REL T, voy b EBERTFH D KB ZE AL DR IR LD B EY A
7D/ MbE BFEL TV, ARIFIETIE, IR B FERY T T VA2 X —RE LT G W BE AT E T
HHY TN AR LS-DARC (Destructive Atmospheric Re-entry Code) D% IZHGHA TV 5. B R
INTGA=BE RN I DRV FEAE RN CEDICTHIET, a) LIk EHB OO BRI E
HERREE, b) RENFHIR AN S ORI LD kS 2R A7 3l 2 E Bl 2282 H Y Tdh%. LS-DARC
XD TR EI57m Y b BB R E ORI U TR IF W D3 A LD E 00 il 3%
TEMTEDLN, BAEFMEEL TEMMETHDITIIWEEET )V ORGE T B2 ADOMHENL ISR A K ThHD.
AAE CIEEITBVRE KT T VIRREFEZRREL, @ 2L —JBGRRRIC LD MGE T — 2 G2 130
D ELTRRRR DU DN TR D,

Remarkable progress in space exploration both for science and engineering have been made in a half century.
Space debris problem is a growing concern to be tackled internationally to keep our space activity sustainable.
For the improvement in the ground safety related to the survived debris after the destructive re-entry of the rocket
upper stages and the spacecrafts, the comprehensive considerations on the design and the disposal operation
should be made. High-fidelity model-based re-entry safety analysis tool LS-DARC is under the development in
JAXA. Purpose of this study is an establishment of quantitative assessment of the design and disposal operation
change effect on the re-entry risk. Consequently, a) design for demise from the initial development phase, and
b) accurate risk prediction by reducing epistemic uncertainty are realized. LS-DARC is multi-physics coupling
analysis code including the aerodynamic and 6DoF trajectory analysis, surface heat flux distribution analysis,
three-dimensional thermal transfer analysis. Establishment of the uncertainty quantification process of the LS-
DARC models is essential in order to make it practical re-entry safety analysis tool. In this report, the uncertainty
quantification process especially on the heat flux model is proposed and discussed. Research activities on the
validation data acquisition by the high-enthalpy wind tunnel and the model validations are discussed.
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Development of High-Fidelity Model-based Re-entry Safety Analysis Tool LS-DARC:
Part 2 Uncertainty Quantification Process for Heat-flux Model

BA =8, REFHE, REER
FEFEE, FKES, FEM—
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Technological Challenges for our Sustainable Space Activity

Low cost active debris removal
(Risk control by removing existing objects) b ]

Bk
» LS

g===""Debris mitigation
& (

To prevent number increase,

_ " (Risk control for existing objects )

A Fo‘i;n1{ulating international standards and guidelines
_ (Rule-based risk control, sharing knowledge )

Overview of Re-entry Safety Analysis

> Expected casualty (EC) value due to the survived debris of rocket upper stage and spacecrafts.

> If required, EC value is minimized by the controlled re-entry and the design-for-demise.
> Re-entry safety requirement is getting restricted internationally.

MASA Team I:.:.'lrj:-ll_lr'{: % Hayalkb aft Reentr ¥

L1

AJ10 Engine(90~100kg)
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Motivation to Develop High-fidelity Re-entry Safety Model |

> Accurate EC analysis becomes available by reducing epistemic uncertainties.
(e.g.) Heating surface area can be increased by considering the detailed geometries.

> Design-for-Demise becomes available by evaluating the design parameter sensitivity.

™ :  STEP1 Y[  STEP2 )
Object-oriented tool ORSAT-J Model Update e Vs

Shape: Basic Shapes - Model Update of Heat
Attitude: Random Tumbling flux and Aerodynamics

Aerodynamics Heat-flux: Database, Formula | - New Base Shape

W e - Application of Detailed
_)- “g Models
.

10

- Sensitivity/Analysis on EC

Accurate
EC Analysis
- Comparisgns

/Spacecraft-oriented tool LS-DARC | \ethods and Tool Establishment Design for
Shape: Real Shape / Shape changes in time | D€velopment for Practical Use |7 Demise

Attitude: 6 DoF Analysis (e.g. Trim) - Model formulation - Model Validation
Aerodynamics Heat-flux: Local Panel Method| and Implementation (Unit & Integrated)
+ Larger heat flux at small curvature part - Integration of Tool -uQ
m - GUl issues - Model Improvement
- A .
ﬁfValidation & Model Update U Versatile Physics Properties / Models

m - ! Material ~ Detailed Physics Model

s ' Data (e.g., Ablator Effect Model for Heat flux)
vl

- -l d r

Validation Data (Unit Ground,- Flight )

Spacecraft-oriented Re-entry Risk Analysis Tool : LS-DARC

LS - Destructive Atmospheric Re-entry Code (LS-DARC)
> Development start from FY2015, completed 15t version in this fiscal year.
> Easy-to-use multi-disciplinary physics analysis.
> Heat flux models are originally formulated for the basic shape predictions.
> Heat flux model with considering local curvature effect.
> Fast MPI runs by super-computers.

Use case 2
Use case 1
Poo(R), poo (), Vo ‘( . N\
Aerodynamics |, Free-stream Vector
h : Altitude Aerodynamic Reduced-order model -~
Vio: Velocity | | coefficient \ i 6 Voo Toor oo
Attitude Il Teo(h), poo(h), Voo Pressure distribution Shape Face Normal Vector
] ] . 3 Traiecto 6DoF equations of motion
Dynamics Analysis Heat Flux Wt 4t order Runge—Kutta / Higher—order
6DoF motion L Reduced-order model ) el ~ US62/76
- Atmosphere Model | . properties - NRL MSISE-00 / Earth GRAM
- Wind Model 4 ) Twan _ e
Thermal Analysns L Aerodynamics Modllfled Newto'n Impact Theory
- Nocilla correlation model
3D Mesh
\ Reference
¥ length R, - LSDARC model
} N Heat flux - SCARAB 3.1 model
Fragmentation | (Radiative dissipation, oxidization, hot
Thermal / Mechanical '-°°a't wall effect modification)
Destruction f:é}’:suige ) X
. J loc 1L EIETENAEN 3D Thermal transfer equation
¢ ( LS-DARC model)
— Thermal destruction
'l;n:)s;erties Pre—process Destruction — Mechanical destruction

* under the development
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Spacecraft-oriented Re-entry Risk Analysis Tool : LS-DARC

High-fidelity multidisciplinary analysis including 6-DoF motion and shape change effects.
Important considerations for the accurate EC predictions are,

> Fragment is aerodynamically stable or not ?
> How much attitude behavior and the deceleration rate are varied by the shape change ?
> How much are the heat flux level and the temperature increase rate changed during the re-entry ?

Melting Rocket Engines Gas Tanks

Ref (1): Fujimoto, K., Negishi, H., Shimizu, R., Daibo, T., lizuka, N., Okita, K., “High-Fidelity Spacecraft-oriented
Re-entry Safety Analysis Code of JAXA: LS-DARC®, Proceedings of the 9th IAASS Conference, 2019,

Uncertainty Quantification Process — Key Uncertainty Factors

> Key uncertainty factors for re-entry risk analysis are identified, and the related uncertainties are
guantified based on the flight experiment, high fidelity simulations, and ground test.

/ w s N\
Entire Vehicle Destruction |  Flight experiment
i . Scenario
Aerodynamics Uncertainty Factors
1) Attitude Stability Mode
|
2) Initial Conditions
Attitude, Velocity (Velocity, Temp, Break-up Alt) \ J

/3) Model Accuracy
4) Shape Complexity
\\5) Shape Change

Components

Break-up
altitude

4 \
Simulation / Validation
\_

A) Breakup Altitude Model

sigh area, _

%

B) Fragment Dispersion Model

. J/

Ref (2): Fujimoto, K., Tani, H., Negishi, H., Saito, Y., lizuka, N., Okita, K., Kato, A., “Uncertainty Quantification for Destructive
Re-Entry Risk Analysis: JAXA Perspective,” Stardust Final Conference, Conference, Springer book, pp.283-300, 2018.
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Uncertainty Quantification Process — Overview

> Destruction scenario investigation and key uncertainty factor identification by flight test in early phases.
> Started from low-cost unit validation, then expensive Integrated validation.

> Comparison with high-fidelity simulations to understand physics and cover parameter space globally.

> Comparison with experiments not to miss unknown physics under the carefully selected conditions.

[ Conditions covered by X2
Re-entry Safety Analysis Models High fidelity simulations °
Conditions covered by
experiments . X1
)

Aerodynamics & Heat flux

Uncertainty Factors
[ Aerodynamics : Newtonian Impact Theory ... ] > (1) Model Accuracy

——3(2) Attitude Stability Mode

{ Heat flux : Empirical model ] n. (3) Shape (Complexity)
—>

\: Thermal Analysis \

)
(4) Shape (Shape Change)
)

7y (5) Initial conditions (Temperature...)

t : : T N Feedbacke g Analysis
{ Attitude & Trajectory Analysis } \ = ~
I A
I *
Unit validatior Coupling validation Integrated Validation gengitivity

1 Il 1 1

1) High v v reatcup R
Fidelity Altitude |
Models ] | :

2)E i t
) Experimen [ L Dispersion area

Wind tunnel Ballistic range Flight experiment

Strategy for Heat-flux Model Validations

> Perfect prediction accuracy is not pursued, but its result should be the worst-case (e.g., lower heat-flux).
> Destruction scenario investigation and key uncertainty factor identification by flight test in early phases.
> Higher heat-flux area is always on the windward, thus the accurate prediction can be achieved even by
the simple formulation of the heat-flux model.

> Heat-flux validations for basic shapes were carried out, then those for the realistic shape.

Key uncertainty factor 1:
Heat-flux increase effect
by the flow interactions

Key uncertainty factor 2:
Heat-flux decrease effect
by the lower enthalpy wake flow

Demonstration 6DoF analysis by JAXA DSMC code (UNITED)
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> Heat-flux model of LS-DARC were validated . : _ :
for basic shapes by the comparison with the 2 s Zum |
results by CNES’s PAMPERO under the joint

5 - oo : = -
research. ol immﬁmf* . 'l{"“\..-.-f_

> LS-DARC and PAMPERO can quantitatively

predict even at corners without changing the . —— - """”"""'""l:._._r_
- Y I =,
model parameter value. = g i . --"Tr'-:"
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Ref (3): Fujimoto, K., Negishi, H., Saito, Spel, M., Prigent, G., “Benchmark of JAXA and CNES Re-entry
Safety Analysis Tools for Accurate Heat-flux Prediction “, Proceedings of the 9th IAASS Conference, 2017.

> Uncertainty quantifications for each heat flux model terms are essential.

> Unit validation process was proposed based on the previous works,
the heat flux formulations and the related material properties will be validated.

> Heat-flux induced by the recombination (., the convective heating Qcom, , the radiation heating QT ,and
the radiation heat dissipation er can be obtained. It significantly contribute to the efficient uncertainty
quantification and the model accuracy improvement.

> Overview of the validation process are described bellow.

<> Radiation
E Measurement by sensor v\heat g ration 0
i Radiation Wall |
v heating @, ~, temperature T,,
I i Y . eofee
S S Sy —o (R r
Qtotal _E‘Qconv + eri an + Qox Convective “x 0%,
4 /'y heating :
i : Qconv i
| Bormmeonen e { Evaluated by CFD |-szmmmmmmmmoee- v
i Oxidization Q,,
% . N s g - \ N .
. ET k= & T
i . ¥ 2
. 3 . L » . ] a & 4o
i . &
2 : . i 2
VE, b TCAN o e il - ; L]
2 ,I ) e e of S Sha il o E
' - " 2
dal e Ty e L AL wa . - '.h,.l._ 1 gy 5 — -
T Ty e wd s (gd el . =l g ® B P 1% Q Hes
" et — gty 5T " e :

*All plots are taken from the following literature.
Ref (4): Massuti-Ballester, B., Pagan, A., Herdrich, G., "Oxidation and heterogeneous
catalysis on titanium Ti-6Al-4V in high-enthalpy flows," IAC-18,C2,4,8,x46403, 2018.
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Integrated Validation of Heat-flux Model for Realistic Shapes

> Integrated validation of the heat-flux model for the engine of rocket upper stage is under the way.
> Complicated flow interactions such as the shock wave interactions and the unsteady wake flow
were observed, those effects are not considered in the heat-flux model formulations.

> Unsteady recirculation and shock wave motions are observed, which is resulting in the unsteady
aerodynamic heating.

> Measured heat-flux distributions are compared with the predictions, and the model parameter
sensitivity study is under the way to achieve the lower predicted heat-flux level as comparing with
the measurement.

Avionics Panel

Rocket Engine

High enthalpy shock tunnel : HIEST Max enthalpy 25MJ/kg, Max stagnation pressure 150MPa, 0.5m test article

Conclusion

> High-fidelity spacecraft-oriented re-entry safety analysis code LS-DARC (Destructive
Atmospheric Re-entry Code) has been developed for the epistemic uncertainty reduction on
the expected casualty (EC) predictions and the design-for-demise to minimize the ground risk
related to the survived debris.

> LS-DARC is the high-fidelity multidisciplinary coupling analysis code to predict the
complicated off-nominal physics during the destructive re-entry of the rocket upper stages and
the spacecrafts.

> Trajectory and attitude of the multiple complicated fragments, and those demising processes
due to the severe aerodynamic heating can be predicted. Reduced-order models of the
aerodynamic characteristics and the heat flux distributions are keys to handle complicated
fragment shapes and to maximize analysis speed for the practical probabilistic analysis.

> Analysis capabilities and the current development status were shown. Uncertainty
quantification strategies were discussed especially for the heat flux model.

> [Previous study] Predicted heat flux distributions were agreed well with the CFD result, and
the prediction capability of the LS-DARC has been reached the same level with the ESA’s
SCARAB and the CNES’s PAMPERO.

> Unit validation process was proposed by following same approach with the previous studies.

> Current status of the integrated validation for the rocket upper stage was summarized.
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T J ) ERIEH ) X @Y — )L TURANDOT DB & BUEETE

Present Status and Improvement Plans of Tactical Ultility for Rapid ANalysis of Debris on
Orbit Terrestrial (TURANDOT)

O a—, Bl #+, \H BER(MUSCAT AN—R- 2 V=717)
A 835 JAXA)
oNAKAWATASE Ryuji, UEDA O. Hiroko, HATTA Shinji (MUSCAT Space Engineering),
KAWAMOTO Satomi (JAXA)

A TIX, T 7 VEEREY A7 T — /L (TURANDOT) DS L4 % O WEFH B 2N T 5.
TURANDOT ¥, JAXA TSN FHERF XE/ 7N =7 Thh. ARV — VW IXFHER maE i
TRAE AT EIL, T 7SR A B B O A BB LT LT, KENLOT 7 U S8 A fEHT AT HE
Thbd. o, [EEOFEHBEBAIZDOWT, FHERIMEIEHE FRREZRETHILT, HIBVAIHE
lATRETHD. EBIT, ATAARD T V=TV T BT NEFANDEZET, T 7 VERBEOIENT 2N /[ GET
&Y, ESA MASTER-2009 & NASA MEMR2 (25t LCW5. BILE, f#AT AT BEZR#IE 13 GEO £ COHBER &
[FIELE RS, MEMR2 (3 A JE L DOAT A A REREEA AT Al RE CTH D=, HE7ab NI A J& [l
HEOMNT A TREE THUEEZ BT T THD. MA T, HIEL WD P =TV ET NET v T T —h
H T2 (NASA ORDEM 3.1, MEM 3). HIZ, R 7-IREEFE O AR AN H imlZd17 % B BT ~DIsH
ERRHTL TS,

We introduce overview and improvement plans of Tactical Utility for Rapid ANalysis of Debris on Orbit
Terrestrial (TURANDOT). TURANDOT is developed by JAXA to assist the users for spacecraft design. The
software is capable of prediction of probability of debris impact to a spacecraft including shielding effect of the
spacecraft itself. In addition, corresponding damage risk can be evaluated by setting up the spacecraft surface
materials and ballistic limit equations for a given spacecraft part. Furthermore, the software provides risk
assessments not only for debris but also for meteoroids by applying engineering models of meteoroid and
supports two models: ESA MASTER-2009 and NASA MEMR2. At present, TURANDOT can analyze the risks
on the orbits around the Earth up to GEO, but we are planning to improve the software to enable analysis for the
lunar surface and for the lunar orbits using MEMR2, which provides the meteoroid environment data around the
Moon. In addition, an updating supporting engineering models is in progress: NASA ORDEM 3.1 for debris and
NASA MEM3 for meteoroid. Moreover, an expansion of the application is being considered - analyzing the
effect of atomic oxygen erosion on material and estimation of the solar irradiance that reaches objects on the
Moon, for example.

This document is provided by JAXA.
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C03

T 7 ) EREE ) X 7T —I)LTURANDOT O
IR & SUEETIE

Present status and improvement plans of

Tactical Utility for Rapid ANalysis of Debris on Orbit
Terrestrial (TURANDOT)

FEEEZ, LHABTF, AHER (MUSCATRN—X - v o=7 Y v Ikilat) |
FIAEZE (JAXAFFZRFIFEBFT)

NAKAWATASE Ryuji, UEDA O. Hiroko, HATTA Shinji (MUSCAT Space Engineering Co., Ltd.),
KAWAMOTO Satomi (JAXA Research and Development Directorate)

Contents

* Introduction

e Overview of TURANDOT
 What's new on TURANDOT
e Planning enhancements

» Conclusion

This document is provided by JAXA.
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Introduction

Meteoroid/Orbital Debris Risk

Localized
damage

Mission-
critical Catastrophic break-up
damage

ESA MASTER-8, SSO 800km

" ‘Man-made —— |
Meteoroids (Grin) ——
102 Streams (Jenniskens)

Flux [1/m?/year]

10-12 P | P | P | PN N 1 1 1 .
106 10°% 10+ 1073 102 1071 100 101 102
Object Diameter [m]

Introduction

Meteoroid/Orbital Debris Risk

MM&OD impacts discovered on the space shuttle. Credit : NASA. A close-up view of a panel from the Long Duration Exposure Facility
Windows [ (LDEF) spacecraft. Credit : NASA JSC.

Wing Leading Edge # B Radiator [

a0 ¥

This document is provided by JAXA.
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Introduction

Meteoroid/Orbital Debris Risk

Sentinel-1 impact. Credit : ESA. Impact-induced sustained discharge on power harness
(ground experiment)

HIRAI Takayuki et al.,
The 7th Space Debris Workshop (2016)

o)
Introduction

Meteoroid/Orbital Debris Risk Assessment Tools

Tool Space agency

BUMPER Il NASA

ESABASE?2 / DEBRIS, PIRAT ESA

COLLO, BUFFER ROSCOSMOS
MDPANTO DLR

SHIELD BNSC
MODAOST CAST
TURANDOT JAXA

IADC Protection Manual(Version 7.1), IADC-04-03

This document is provided by JAXA.
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Overview of TURANDOT

TURANDOT
» assesses Impact Flux, Impact Frequency and Impact Damage.

 takes shielding effect into account.
* supports ESA MASTER-2009, NASA ORDEM 3.0 and NASA

MEMR?2.

¥

B Layout of sensitive or critical equipment
B Effectiveness of protection

B Attitude of spacecraft
B Inquiry of causes of failure

Overview of TURANDOT

Integrated Analysis Environment

» Spacecraft modeling
» Grid generation
» Analysis condition setting

ilinee

Modeling Collision flux distribution 8

This document is provided by JAXA.
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What's new on TURANDOT

* Engineering model
« ESA MASTER-2009 (Debris / Meteoroid)
« NASA ORDEM 3.0 (Debris)
« NASA MEMR2 (Meteoroid)

« Central body = o omoem 31
. Earth N Wi
[ (=]
Tt
E =]
« Size thresholds for ORDEM b "
« 11 size thresholds £ o
i =]
10 (a] e o )

What's new on TURANDOT

e Engineering model
« ESA MASTER-2009 (Debris / Meteoroid) — MASTER-8

« NASA ORDEM 3.0 (Debris) — ORDEM 3.1
+ NASA MEMR2 (Meteoroid) — MEM 3
 Central body 8] omase L
« Earth + Moon, Mars (Meteoroid) i
£ ol
« Size thresholds for ORDEM %’“ "
+ 11 size thresholds — 51 g

This document is provided by JAXA.
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Planning enhancements

Application for Meteoroid around The Moon 1/2

Example:
* A Moon rover
e Flux of MEMR2 by NASA
« JD 2462502.5 (2030-01-01T00:00:00.0)
« 0° lon., -89.5° lat. (15km apart from
the pole)
« 106 g <m (124 um<a)

X

Analysis model by GUI

https://www.jaxa.jp/press/2019/63/20190312a_j . html

1/m?/yr

1/m?/yr

1/m?/yr

1/m/yr

» Available for new materials as long as BLE is defined.

» The south pole of the Moo

nis rough terrain.

* Geographical shielding effect is to be introduced,

Planning enhancements

Application for Meteoroid around The Moon 2/2

« Effect of ejecta by meteoroid can be analyzed, if corresponding flux is obtained.

Collison during total lunar eclipse
E=1.5x10°)J
=TNT350kg

lllustration Credit: LPI (Lear

This document is provided by JAXA.
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Planning enhancements

Analysis for the Sunshine or the Sunshade

* The Sunlight can be analyzed instead of meteoroid.
« Available for power generation.

« Reflection from the Moon surface may not be negligible because the solar elevation is
very small around the south pole.

Meteoroid flux

Geographical feature
loaded from database

Planning enhancements

Application for AO Analysis =TURANDOT& MUSCAT-

« MUSCAT (charging analysis tool) was used in the past. [1]

« Common technology is used for both software. (Java® & Java3D®)
* GUIs are not common.

ol

MUSCAT: charging property Not same but similar GUI TURANDOT: orbit/BLE
« Computation lattice is different

« TURANDOT: along the surfaces
» The collision angle can be exact.
« MUSCAT: orthogonal lattice
» The collision angle can be moderate.

[1]Ref. Iwata., M, et. al, “Analysis of Atomic Oxygen Fluence Distribution on - |
Satellite Surface,” Proceedings of ISTS2011 r-44/Trans. JSASS Aerospace S
Tech. Japan Vol. 10, pp. 5-9, 2012, MUSCAT TURANDOT

This document is provided by JAXA.
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Planning enhancements

Application for AO Analysis

* An example of AO analysis by MUSCAT

e Technique of treating AO as ion of zero charge.
¢ Introducing AO environment, application for MUSCAT were all manually conducted.

« Limit by equally spaced orthogonal lattice. Small components was not simulated.

« Expansion of TURANDOT can reasonably provide analysis environment easy to use.
15

Conclusion
* An overview of TURANDOT and its improvement plans were
presented.
» The potential for enhancement of TURANDOT were
presented.

* Should you have any request, please feel free to contact us.

This document is provided by JAXA.
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C04

RRBEFEHEAT T E=42 BBM DA%
Development of JAXA Space Debris Monitor BBM

Ofnlig Ty, WA A, T8 KM, ke 2+, # iEfd (JAXA)
oMATSUZAKI Noriko, MATSUMOTO Haruhisa, NAKANISHI Daiki,
NAGAMATSU Aiko, KAMIYA Koki (JAXA)

FHT7UEY SDM (., JAXA BFZEBHFEFI TR ZITo CWaiuE EEEBRIHOT 73T
HB, X—7 N THHEE 600-1000km LTIV AZXDT T VL, KEWHDIZEE X TEEMIE N
LWABLRITAHZENTRINTND, EDO— T, +o7eT7 —2BRBSGTETELT, 7 —# St
RN BB DR L7 > TND, 20D SDM OFRFEIL, 2 TN E R D | R BE DS L EER N EN)
CHD, ZOR|RETENL ThOE Y — LA G DY CRIH 35288 AIBETHY . BLE NASA ODPO &
HAOTF, #uE BERAEBELZT 7V OB AT > TD, SDM 13 HT YT LR D>
THRY, U TIEREDRVAIRT L A EIZ, BT ARD 50 pum MEOERREMIIN T L7-b D ThDH, =
ZIZT ZUNEZETHZEIZED, 100 pum~2 mm OF T UDERDEF TEDH, A& TiX, BBM OB%
RILEL 1% OFHHEIZFRNT T 5,

The space debris monitor (SDM) is a flight experienced in-situ debris sensor focusing on micro to mill sized
debris on 600 — 1000 km orbit. A continuous in-situ observation of those small debris at 600 to 1000 km has
never been conducted. However, this information is essential to properly understand the current situation of vast
amount of small debris orbiting near our earth because they are becoming a dominant risk factor on orbit. The
unique point of the SDM is its simple detection system which does not need any special calibrations. Thanks to
this advantage, the SDM has the potential to collaborate easily with other debris sensors. The SDM consists of
a debris-detection area and circuit areas. The debris-detection area is made of very thin polyimide film and there
are thousands of 50 um-wide conductive grid lines capable of detecting the diameter of collided debris sized
from 100 um to millimeters. On this presentation, the current status of developing the SDM BBM and our future
plan will be shared with audiences.

This document is provided by JAXA.
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A

Rt RBEFEBS I UEZ-SBBMODES

Development of JAXA Space Debris Monitor BBM

OfIETIERF, IABEA, AL, KINEF, fAa/Eic (JAXA)

ONoriko Matsuzaki, Haruhisa Matsumoto, Daiki Nakanishi, Aiko Nagamatsu, Koki Kamiya
(JAXA R&D)

Space Debris Monitor (SDM) %

v' In-situ debris detector

v Focusing on submillimeter-size debris under
1000km

N g 7 "?%d’AXA/NASA
SDM on HTV-5

This document is provided by JAXA.
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Background %

Why focusing on submillimeter-size debris?

» Smaller debris is much more dominant on total number of
orbital debris
» Small debris (mm to cm) is the main risk of mission-ending

Cumulative Number

damage
Notional Cumulative Size Distribution of Current LEQ-Crossing Objects .
10,000.000 Hyper Velocity Shock Test
5 mm W 1
1,000,000 [ ]
—
catastrophic
3 ®1cm breakup
100,000 mission-ending i
casage i Before
PRI »
0, . .
o toen  %0em - Particle size  :0.3 mm
®1m - Collision Speed: 4 km/s
1,000
001 a1 1 10 100
Size [em)

|Boundaries are notianal)

Orbital Debris Mitigation in Support of Space Situational Awareness and Space Traffic Management, J.C. Liou, International Symposium on Ensuring Stable Use
of Outer Space http://www.jsforum.or.jp/stableuse/2019/pdf/2%200D%20Mitigation,%20SSA,%20and%20STM%20rev%202%20(Liou).pdf

Background %

» Space debris problem is getting worse

» Data gap still exists on distribution map of space
debris > 600 to 1000km

SSA Coverage in the US

3,000 - T
£ NCAT e | '
mm“ . . . .
10,000 N @ Submillimeter-sized debris(<3 mm)
ELTY I
_ l e —— can't be detected from the ground
E
-
Tha S ®Available data of submillimeter-
£ 1000~ — . . s
s mm”mm_m. R S <Te ‘de'brls at 600 -1000 km orbit is
st very limited.
ETE (W=11) 505 (382530
e n-pucnnuunlur,-Tmaru.uqnzn
i I | I |
10 pm 100 m 1 mm 16m 10 em 1m 1@m
Particle Size (Boundarias are mnotional)

U.S. Space Debris Environment, Operations, and Research Updates
J.-C. Liou, https://www.unoosa.org/documents/pdf/copuos/stsc/2018/tech-
14E.pdf

This document is provided by JAXA.
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Development SDM So Far ﬂ

> Flight Experiences: 2 (1 successful, 1 launch failure)

» Detection method: by 50um-wide conductive grids

> Detection area per sheet: ~40 x 40 cm

» Disconnection Detector: FPGA

» Material: Polyimide based (FPC manufacturing method used)

Basic Specification on SDM %

“Width: 50 um ;.: -
Gap: 50 um st

O e 3 - Sl

Debris \

Film thickness : E S """"

~12 um T

50um e — Total line # :
: s 3000 ~ 4000

> Detectable from 100 um size debris

> Debris diameter and detection time can be determined
from the information of disconnecting conducive grids

> No need for calibration — very simple detection system

This document is provided by JAXA.
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New SDM: FPC Type ﬂ

—————
Size ~50 x 50 cm
Weight ~ 100 g
(;u Iaminated 21 um
film thickness
Line width 50 um
Line gap 50 um
No of total 4096 / sheet

lines

Data Measurement Equipment (DME)

Basic design does not change from old one, but...
v 52 FPGAs are replaced with one CPU and small diodes + a.
v" Diodes are mounted on the outer space side. (the other hand of
adhesive type)
v" I/F can be integrated in one place by attaching DME.

New SDM: Adhesive Type ﬂ

Size 57 x 48 cm
Weight ~ 200 g

fim thickness  18:5 um
Line width 50 um

Line gap 50 um

No of total 4096 / sheet

lines

There are two big changes on the adhesive type SDM
v 52 FPGA are replaced with one CPU and small diodes + a.
v" |/F can be integrated in one place by attaching DME.
v The Self Assembly Paste is applied to connect components with different
materials (PCB and polyimide film)

This document is provided by JAXA.
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Changes on the Adhesive Type ﬂ

Self Assembly Anisotropic Conductive Paste (SAP)

_—

e\ Heating
W w

©Sekisui Chemical Co., Ltd

Solder particles Thermal cure resin (clear)

© PCB and polyimide film can be adhered with SAP
@® Foams came out at the connecting area because resin
was too little

Changes on the Adhesive Type %

Many FPGAs were replaced by a CPU and diodes

H

FE UL

ll'lléllil

1
i1

FPC (old) SDM Type Adhesive
52 custom-made FPGA Processor 1 CPU
i Additional 4096 diodes, capacitors,
Electronics analog multiplexers

© The cost of electronics can be reduced on the adhesive type
® Issues remain in selection and mounting method of diodes

This document is provided by JAXA.
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Sensor Pattern L/S measurement%

L/S are measured by video measuring system (Nikon NEXIV)

Eas-: FPC Entries 4078 E-ma FPC Entries 4068
= Fl Mean 49.92 = Mean 99.96
200 ] RMS 3413 L _ RMS 1.178
150 . &0
1 { . Loei]
5% | ! 00
% TE a5 w58 : ® & T B 8¢ B4 o8 98 10 102 04 08 108 110
with{jum) pachjpn|
Cu line width Pitch width (L+S)
00 . g
E Adhesive Entries 4091 ¢ Adhesive Entries 4096
= a0 . Mean 46.5 g Mean 100
RMS 2.13 - RMS 0.7635
50 B0
200
- 000
e
]
e 00
04
%a 3 A 4 w8 I ] Bo % w86 o8 0 102 b4 106 108 110

WA pachjum|

Sensor Pattern L/S measurement%

L/S are measured by video measuring system (Nikon NEXIV)

v" Line width and spacing of the Adhesive type are better controlled.

v" The film of the FPC type looked little wavy and it caused scanning error.

v" Controlling of pitch (=line width + spacing) is more important than controlling
of line width.

This document is provided by JAXA.
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Thermal Shock Test Results ﬂ

Number of disconnection lines

Test condition

-30
Before After Temp. /+100 °C
Adhesive 0 122 . Hold 30 min
time/cycle
FPC (new) 7 approx. 3000 Cycle 500

¥

Adhesive type seems to show good durability for thermal shock !
However, there is doubt about the results...

v Thermal wind was too strong (30~40km/h) and might damage the samples.

v" Lots of diodes fell out from the circuit board after the test, especially on the
FPC type because this type has diodes on the back (shelf) side.

v" Circuit board of FPC type is thinner than Adhesive type.

v" Corrosion was founded on the electrode of diodes. It possibly caused soldering
defects.

—>Need for thermal shock test again with a no-air-type equipment

Tensile test on Adhesive type ﬂ

90° Peel Test Results

Sample No of Design

" Ave. value
) W preprocess samples value
: N/A 10 3.84 N 356N
Thermal
shock test 10 ) 835N
Sample 5'MN

v" Strength of the adhesion is sufficient (it is same as the design value)

v The sample after thermal shock test shows more strength because of baking of
the thermal cure resin.

v" Strength of SAP’s adhesion does not deteriorate and get to be strong by heat.

v" Ratio of resin in the SAP should be increased.

This document is provided by JAXA.
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Conclusion & Future Plan %

v'Adhesive type shows good performance.

v'The blending ratio of SAP needs to be changed.
(ratio of solder and resin)

v'Connecting method of film and PCB on the
Adhesive type needs improvement.

v'Need for reselection of diode.

Collaboration with NASA ODPO
v JAXA and NASA ODPO now work together for a
new in-situ debris monitor targeted submillimeter
size debris.
v'Our BBM is ready for hyper velocity test in the US.

Our New BBM ﬂ

T
= - Gl

—a——Revicasurement —fi-
lw:.! ——

Detection Area

This document is provided by JAXA.
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C05

A aA—F 4 2V TIZKBHCFRRPIASDA D) 2 DIER
Reduction in Ejecta from CFRP by Atomic Oxygen Protective Coating

OV Bk, M FHAE G EETERT), FH WL,
i B ORISR, R B, AW #E— (JAXA)
oNISHIDA Masahiro, TAKAHARA Hideyuki (Nagoya Institute of Technology), FURUTA Naomasa,
IWASE Yoshiaki (Toagosei), HIGASHIDE Masumi, ISHIDA Yuichi (JAXA)

PR FEARHME TR BB (CFRP) I X FH IO 2 <MD TS, FRAMEI B @l lfZe 4 2L, <O
A (A7 =22) IR S. THEFIREESE (AO) 2 —T 4 7 EABMTHILET, (V27X %KL oD, N
PR =ELTCOMRIZFASFO LT LT 297 7U N R—2 BEEL T, WFEL TV D, 2O R4
HID.

Carbon fiber reinforced plastic (CFRP) plates are widely used in spacecraft. When projectiles strike them at very
high velocities, many fragments (ejecta) were scattered. Our group proposed AO coating/CFRP to reduce ejecta
from CFRP and to keep or improve bumper performance. We would like to report some results of AO
coating/CFRP.

This document is provided by JAXA.



310 FHAZETFIE M SE R I JAXA-SP-21-001

FoE AR—RFI)T—9 397
2021 2H24H~26BA 514>

MAOI—T 4 VT IC&BCFRPOL DA T ¥ 2 DIER
Reduction in Ejecta from CFRP by Atomic Oxygen Protective Coating

OB, SRFME (BHEIXKF)
HHEFEIE, S#EH (REGRKAR4)
RHEEE AHE— (FEHNZEMRRAEERE)

Masahiro Nishida, Hideyuki Takahara (Nagoya Institute of Technology)

Naomasa Furuta, Yoshiaki Iwase (Toagosei Co., Ltd.)

Masumi Higashide, Yuichi Ishida (JAXA)

1
International Space Station JEM "KIBOU"
T = % ) A 4
Courtesy of NAS Courtesy of JAXA
http://spaceflight.nasa.gov/gallery/images/shuttle/sts-127/html/s127e011212.html http://www.jaxa.jp/projects/iss_human/kibo/index_j.html
Bumiper Space Station Wall
. A6061-T6 A2219-T87 Debris cloud
Bumper shield ~ '27mmo 50— 48mm TR
\
s\
O—» Ej fcta -
Projectile (HE II:I:II q:%) /
‘ ﬂ
ML FEi - ~
Whipple shields Thin plate perforation ,

This document is provided by JAXA.
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Penetration into Thick Plates

Thchk targets Composition of ejecta

=<— C Projectile
Numata, Kikuchi, Sun, Kaiho, Takayama,
Proc JSSW, (2006), pp. 221-222.

Cratering
7
/ Projectile
" fragments
e~ Ejecta

Secondary debris

Murr, Int. J Impact Eng., (2006),
pp. 1981-1999, 3

Flux of Space Debris

100 “ml | mm 100 uml 1 mm
1’ d MASTER-2009 Te
— MASTER-200% Total — DROEMO O Teat |
— OROEM 3.0 Tolal i
o | J 1°
5 i’ )
5 ot 5 \ ey
£ Siza | - Rangs
o 10" + LREI'!QE e 107
E \ £
3 i
r% . g1
= |4
w1 E 0"
1
g O
S gyt 10
w* | 10
1™ - - , 15" - -
w* owt ot wt Wt o 1w 1o w* 1® w'  w'  w 10" '
Debris Size (m) Dt Bz )
Flg 1. ORDEM 3.0 and MASTER-2008 orbital debris fluxes for the 15§ Fig. 4. ORDEM 3,0 and MASTER-2004 orbital debris fluxes for the S50
orbit in 2014, orbit in 2014,

P. H. Krisko, S. Flegel, M. J. Matney, D. R. Jarkey, V. Braun, ORDEM 3.0 and MASTER-2009
modeled debris population comparison, Acta Astronautica, Vol. 113, 2015, pp. 204-211.

This document is provided by JAXA.
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Purpose: Reduction of Ejecta(4 22D IKRE)

1) Coating / CFRP plates (A—T 4% / CFRP#R)
(FEHZICEITIERNERSURID L2020, MHFERFEER2020EEX)

2) Organic fiber reinforcement composites (5 ik i @588 S+ FD

(FHERIZEATEIERNERSURIH L2019, MEM2019M B HFEHL T7LURAAK,
FYEMAR—RTTYI—4 < 3w F2018)

Light metal plates ~

Projectile //
0O —1

=> Poster presentation

Less ejecta &

better shielding performance

Front side and/or rear side
Organic fiber composites
(Dyneema composites)
0.3 mm, 1.0 mm 5

Earlier Studies of Debris Shielding (1/2)

PBI coating/CFRP

Polybenzimidazole (PBI):
Atomic Oxygen Protective Coating

0.8

5
g
=
=
= 06
D
=
< 0.5
£2 .
2 .§ 0.4
2 ¢ e
D 0.3
£ CFRP
A L
2 02
2 PBI/CFRP
o 0.1
>4

0

24 25 26 2.7 28 29 3 31

Initial Velocity of Projectile (km/s)

Fig. 5. Velocity decrement of the projectile after impact with CFRP and PBI/CFRP.

Sarath Kumar Sathish Kumar, et al., Polybenzimidazole (PBI)
film coating for improved hypervelocity impact energy absorption
for space applications, Composite Structures 188 (2018) 72-77

SiC coating/Al
120
., o 1
AL A i
|
O 1=
50 um (0.05 mm) SIC coating

A4

&/
Z

04 mm Al6061-T6 substrale

Aleksandr Cherniaev, Igor Telichev, Sacrificial bumpers with
high-impedance ceramic coating for orbital debris shielding,
International Journal of Impact Engineering, 119 (2018) 45-56

This document is provided by JAXA.
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Earlier Studies of Debris Shielding (2/2)

Ti-Al nylon impedance-graded materials

Kevlar/ FRP
""""" Kevlar Layers Fiber
Sensor
e - f—
4 \ Strain Gauge
| Al ,' a)
\TI 5 nylon ,/ Flber%Sensor
> Spaci |
S - pacing Kevlar Epoxy
Layers layers
Strain
Projectile > Gauge
Pellet
Bumper Rear wall ~ Witness panel
Fig. 1. Experiment schematic diagram.

i
Figure 6, Four layers Keviar/Epoxy, a) Top Front
View; b) Cross Section Side View Strain Gauge and
FBG_(example Shot #79)

b)

Zhang P.L., et al., Study of the shielding performance of a

Emile Haddad, et al., Mitigating the effect of space small debris
Whipple shield enhanced by Ti-Alnylon impedance-graded on COPV in space with fiber sensors and self repairing materials
materials, International Journal of Impact Engineering 124 (2019)
23-30

Proc. ECSSMET (2018)

Atomic oxygen (AO) protective coating / CFRP plates
(MR FIREE R —T 12 /CFRPIR)

This document is provided by JAXA.
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Polyimide CFRP

Polyimide CFRP (Prepreg from JAXA*)
Size :75 mm X 100 mm

év
Thickness: 1.0 mm(8 ply) >
Quasi-isotropic [45°/0°/—45°/90°]s :
(BRELFEAH)

* AHE—, TS FEEAHM (M3 CFRP) O AR,
AAMEFEHEREE, 63(2), 2020, pp. 38-42.

Miyauchi, M., Ishida, Y., Ogasawara, T. and Yokota, R., Highly
soluble phenylethynyl-terminated imide oligomers based on
KAPTON-type backbone structures for carbon fiber-reinforced
composites with high heat resistance, Polymer J., 45, 2013, 594-600.

Atomic Oxygen (AO) Protective Coating

Coating ( Composition formula [(RSiO, 5),],
Sil-sesqui-oxane derivative —___ J intermediate material of inorganic
(UIERAXFFHUFEER) silica [Si0,] and organic silicone
(Toagosei) [(R,SiO), ]

Thickness 5 pm, 20 um Density 1.14 g/cm?
. Storage modulus 1% 10° Pa
(1 Hz, 0°C)

Atomic oxygen (AO)
protective coating

bar-coating method
— Ultraviolet curing

Thickness 20 um
= > Areal density 1.58% up

This document is provided by JAXA.
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Sil-sesqui-oxane Derivative

SQ series (1 - 2 um)/ polyimide film (50 pm)
ADMEME  (x10°"@/em® )
2

0 4 B ]
0 & L *
-1
T -2
E 1 _
& oy * 500 —T1 ¥
B s
L] & Kapton H
& 6 (50— HL)
BEX1 RUMSEIVLERM (BR PR ENRE) =]
ISSICIRY M Bht- TC50EY) 38H# -8 A
-4
=10
Ez2 AOMIMICEZOHEREEL
026
025 |
=
| *
, 0z4 |
SQ@1—k 5L ﬁ
e 2 23 ) ﬁ 023
#
022 ¢ #»
BER3 RUYMSFILVALICHT DTFXIT7vor—BR 021
M SHTACKER, 1585 MRSt ] 5 10 15
HHEIE, EHEE, SRS FEEZ—8B, AK#ES, B EBMSE (MGy)
s VLR A FHUFBEARTAEEERSQ ) —X 1D
FHAMHAOGA~TMRFRBRI—T T OREK~, E3 EEMM-ELIEBEBIREREE 12

HEEAMK. BIEREIRTREND (2013)

Experimental Condition

Impact Coating

Areal density

velocity thickness [g/cm?]

[km/s] [um]

3.24 \ 0.1705
3.17 5 0.1712
3.11 20 0.1732

Thickness 20 um
=> Areal density 1.58% up

13

This document is provided by JAXA.
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Experimental Setup (1/2)

Two stage gas gun

JAXA/ISAS

Impact velocity
2 km/s — 7 km/s

N. Kawai, K. Tsurui, S. Hasegawa, E. Sato,
Rev Sci Instrum 81 (11) (2010) 115105.

Projectile
Aluminum alloy sphere
A2017-T4
Diameter: 1.6 mm
(3 km/s)
14
Experimental Setup (2/2)
Witness plate Rear wall
Target K\ 5 EEHE
o Aluminum alloy
Projectile x A2024-T3
Aluminum alloy 200 mm X 200 mm
A2017-T4 . -~ Thickness 3.0 mm
Diameter 1.6 mm S1a vV ody,,
o ‘l=0 Ve
v 'V‘ "’vl' “:
3km/s i ~vdd
50 mm 100 mm
15
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Results of Ejecta

4 )
Witness plate Rear wall
Target x
Projectile N
Aluminum alloy I
A2017-T4 7
Diameter 1.6 mm fiag ;',"a‘:t‘“
. @ : 1
3km/s 'f"/.' "’";\““'
50 mm| 100 mm
N /
16
Evaluation of Ejecta (Direct method)
Image analysis software
> Imagel
= ‘ Fragments from
g FRP plates
S
> Length a N = .? \
- RA
A : Projected area = e
a=b=c
Main target:a=1 mm
17

This document is provided by JAXA.
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Results by Direct Method
(Cumulative number distribution of ejecta)

[S—
S

® Polyimide ¢1.6mm 3.24km/s J
® Polyimide ®!.6mm 3.17km/s Spm coating
® Polyimide ¢1.6mm 3.11km/s 20pm coating

[*N 0
e} o)

N
=

Number of fragments greater than a

20r
O ~..I ‘ "?_‘. o 1@
0 10 20 30 40 50
a [mm]

Coating Areal
velocity thickness | density
[kn/s] [um] [g/cm’]

\

3.17 5 0.1712 82

Number of ejecta
over | mm

3.11 20 0.1732 68
18
Results of Ejecta
O )
Witness plate Rear wall
Target “
Projectile
Aluminum alloy \\
A2017-T4
Diameter 1.6 mm N 2
44, Vv dag, a
. ‘4=0 Ve
ISO 11227 3km/s v.»'/"" "oy At
Witness plate &
(copper plate : C1100P-1/4H)
Thickness 2 mm (Hole 25 mm) \
50 mm 100 mm
—
Epoxy CFRP (Toray, P13080F-3: Matrix
3800-2, Fiber M60JB) 2.41 km/s
Nishide; et ai., Proceedings of 7th European
Conference on Space Debris, (2017) 19

This document is provided by JAXA.
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Results by Witness Plates (ISO 11227)

Without coating  3.24 km/s

P X e d ¥
i N mm
- 7 ,'f . B Q025 05— 18] <
.",’.\, ' DO3==0075 o )5y
+OTE~0] — 57
=015 — ] ]2
0] &=~02 — 1)
&) 2] 3 — |
’ Tawi] d .
- 2031 —
20 pm coating  3.11 km/s
[ mm
- .t i 0.025~0 05 w— iy
005075 —
+0075~0] oo Ty
O~ ]15 — 1
0 15==02 —
w0 2l 3 —
- #03~04 — )

5 um coating

A |

Conclusions

1. Shielding performance : Similar

i

Future plans :

1) Reproducibility

2) Effects of space environment

3) Mechanism

Forward ejecta : Decrease

Effects of coating thickness :

Unclear

3.17 km/s

mm
DTS~ (15— 00

05 TS —— aR3
0 s DO0T50,]  — ]
0=~ 0S  —
Q15~02 —

w1 2=} 3

—
® ()3~} 4 — ]
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C06

ELSA-d, ADRAS-Jd AP = FRUREH—EXDI=HD
ERTFLEERIZDINT
Ground System and Operation for ELSA-d, ADRAS-J, and Future Services

O/NJg Inzsia (7 AR —)L)
oKOBORI Kanae (Astroscale Japan)

ELSA-d (End of life service by Astroscale - demonstration) & ADRAS-J (Active Debris Removal by Astroscale-
Japan), 25D 7 T VEREFHAMETE T 0L =7 FO BRI RUTEFEF EAMKIZT TIEHVEE A, IR DE
Mtz FZHTL8OM L AT LPRARTE, 7AMRT— /T H AR OEEDO 2 LRI AR g
il 2 — AL BRI m— Ve T — LT O AR Z B L £, ELSA-d TIZHAD
Bl 2 =IO R REEIIITOEREAL, BT AT D23 R AL HEEE R 1N Bl
FEREDAT LR DM RSV B ARATHEREDME OV E97, FIAMB SSA r—E REA L F—T = — AL,
AR B LE DR E I M OV 287 7 — MR A= T E 97, FRROIv i a T, TGV AT LR EREEM
HRATEHL AR AN TOM E e 7 A MEFEZ BIELET,

The success of the ELSA-d (End of life service by Astroscale --demonstration) and ADRAS-J (Active Debris
Removal by Astroscale-Japan) missions is dependent on a number of engineering factors, including the
development of a ground system to monitor and control the satellites while in-orbit. Astroscale has established
control centers in Japan and the United Kingdom to respond to non-nominal situations and to enable
communication amongst the global team. For the upcoming ELSA-d mission, while no telecommands are sent
from Astroscale Japan, each satellite is equipped with satellite monitoring and control functions, as well as on-
board sensor image data, which are core to the demonstration. The system has an interface with an external
Space Situational Awareness (SSA) service to receive highly accurate orbit determination and collision alerts.
For future missions, we will establish ground segments at a lower cost by utilizing these system development
results and operational knowledge.

D =
i!’g.‘

.

In-Orbit Servicing Control Centre = NationalbFacilty,
Harwell, UK : | s

This document is provided by JAXA.
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Astroscale

ELSA-d, ADRAS-J7O> Y RV
HEHS—ERXD=HDHM E L X T L
EERIZDILNT

- Ground System and Operation for
ELSA-d, ADRAS-J, and future services -

Copyright (c

_ About Astroscale

o =

Astroscale Japan
Ground Segment and Spacecraft
Simulator Manager
Kanae Kobori /Mg NZ#
2021 February 26

) Astroscale All right reserved

Q)

NP Astroscale Ltd

- 2047
8= ) ™ .
[ ] 't- - L . 3.Astroscale Holdings Inc.
’ ===y, | , = Astroscale Japan Inc.
Astroscale U.S. Inc. I = E . Tokyo
Denver and Washington % u L ey b 2015
2D(§:19 A Astréscale Israel Ltd | -, )
Tel Aviv [ -
Astroscale Singapore Pte Ltd ..
Singapore
2013
Established: 2013 May 4th

Founder:

Officers and employees:

Nobu Okada FEHIE
170

Nationality: 11 countries
Head office:  Tokyo
Funding: $198M (210{2F)

Copyright (c) Astroscale All right reserved
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Four services will be launched in sequence in the @
= first half of the 2020s

On Orbit Service

Low Earth Orbit Geostationary Orbit
(LEO) (GEO)
I I
]I ]
Future debris Exnstlng debris I Debris, Unknown objects I I Operating satellites I

EOL ADR ISSA LEX
End-of-Life Service Active Debris Removal [RESTITRSISYAN Life Extension Service
i

ELSA-d  ADRAS-J2 ADRAS-J
\

\ Main projects in ASJ

Copyright (c) Astroscale All right reserved
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Qd
— ELSA-d and ADRAS-J
ELSA-d ADRAS-J
End of Life Services by Astroscale-demonstration Active Debris Removal by Astroscale-Japan

What is necessary to operate these Satellites?

Copyright (c) Astroscale All right reserved

. . 7
Features needed for commercial LEO RPO mission control @

RPO: Rendezvous and Proximity Operation

» Continuous spacecraft visibility during critical mission phases

* Close linkage with SSA Developing control center and
Precise and frequent orbit determination operation for LEO RPO are
- Conjunction alert challenging things as
+ Mission specific functions same as the satellite
Visualization image processing development!

Rendezvous and proximity operation support
» High fidelity satellite simulator for elaborate preparations
» Easy fit to various kinds of service mission

Copyright (c) Astroscale All right reserved

This document is provided by JAXA.
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Mission Control Center (MCC) A

Monitoring and controlling the Satellite from ground.

B Astroscale has MCC in Harwell, UK used for ELSA-d,
and is developing ADRAS-J MCC in Tokyo, Japan.

Those systems are re-used for other future missions.

Copyright (c) Astroscale All Rights Reserved

Ground Station (Antenna) A

Receive the data from the satellite and send the operation command from MCC.

Astroscale Totsuka Station in Japan

= COmmercial Ground StationS

10 or more ground stations

spreading all over the world
provide the satellite visibility
for ELSA-d, ADRAS-J, and

other future missions.

Copyright (c) Astroscale All Rights Reserved

This document is provided by JAXA.
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Ground Segment Network @

ELSA-d operations will CARGERL R TOKYO,JAPAN | ADRAS-J operations
be performed at MCC will be performed at
in Harwell, UK. MCC in Tokyo.

ASJ Satellite Engineers
support it by monitoring the
Satellite data (Telemetry) in
the monitoring system in
Japan

] a
"~ ik
Satellite on orbit 7

" Ml
’ o SSA: Space Situational Awareness

ASUK/ASJ Ground
Segment team develops the
system and installs it in
Japan

MCC (Monitoring

only for ELSA-d)
.o
\_ [ T

Intranet/Internet

VPN
SSA provider
f 1 ]

2
Launch Provider ]

AS Totsuka
Ground
Station

Commercial
Ground
Stations

Copyright (c) Astroscale All right reserved

MCC - System Architecture @

== F Mission Control Centeq

‘! Mature and reliable software is
selected (ESA COTS)

Ground Flight Operation System
Stations

Telemetry - . . .
Command Mission Planning Flight Dynamics

K BQO E@&
. N . Mission Specific functions
S_atelllte - GrOLér:)dntSr:)Tt'on (Visualization Image Processing,
Simulator @ ® RPO Support)
L]

Flexible on tailoring for each project.
A lot of things can be automated or run by a script.

Suitable to re-use for future services.

{IRY!

Copyright (c) Astroscale All right reserved
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7
—Technical Development Elements for Astroscale On-Orbit Services@

Copyright (c) Astroscale All right reserved

Thank you! A

CEREHYNES CEVELE.

Astroscale is looking for new members!

If you are interested, please feel free to contact us.
FRAMORT—LTIE, HLWAN—ZFEHPTY !
Bk H DA T2 FTITERCESL,

Astroscale website A you our next Space Sweeper?
https://astroscale.com/careers/vacancies

» Ground Segment Engineer

» Mission Design / Flight Dynamics / Astrodynamics Engineer
» Software Design Architect / Engineer

» Electrical Engineer

* Chemical Propulsion Engineer

» Senior Operation Engineer

Copyright (c) Astroscale All Rights Reserved 12

This document is provided by JAXA.
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COo7

ELSA-d B2 x99 b RF—E2X-$THLEIFICAITT-
ELSA-d End-of-Life Debris Removal Mission: Preparing for Launch

fUx BK, OMA = (7 ArA7—/V), ELSA-d 7Ry =/rF—A
ITZUKA Seita, cOKAMOTO Akira (Astroscale Japan), ELSA-d Project Team

ELSA-d (End of life service by Astroscale - demonstration) [X#LiE _F Tzl L 72 2 2 B FR<T=0O D IER
TR O F AN E FERET Iy a T, R CORKEABREMIEERERN T T L, HG ik E
BN EL T, Flo, Bl D FIBICIy a2 5E CELH LD BE RTINS & o 7o ] FIfRE 32 L T
BOET, Y0PV NDOEIAT —ZALZORIAREIDIy a2 20 Hr A TEDIINTFE T D
EaRLET,

The ELSA-d (End of Life Services by Astroscale-demonstration) mission will demonstrate the key technologies
for non-cooperative rendezvous and docking for defunct and satellites which have come to their end-of-life. All
environmental and functional tests are complete and the spacecraft is ready for shipment to the launch site. In
addition, intensive operation training has been conducted in order to achieve the mission and to be prepared for
any off-nominal incidents. In this presentation, we would like to show the latest status of ELSA-d and how this
novel mission will be conducted as we prepare for launch.

This document is provided by JAXA.
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©Astroscale

Key Business Markets

Astroscale

ELSA-d End-of-Life Debris Removal Mission:
Preparing for Launch

February 26, 2021

Astroscale Japan Inc.
ELSA-d Project Manager
Seita lizuka

End of Life (EOL)

Active Debris Removal (ADR)
“Remove debris that is already there”

Governments, International framework

- Environmentally critical objects
- 500kg+ (up to tonnes)
- Existing debris

- Demonstrate commitment to orbital
sustainability
Assure spaceflight safety for all operators

Global Responsibility

Services .
“Don’t add any more debris”
Potential Constellations, Private Satellite Operators
Customers
- Satellites that have failed in orbit or reached
Client end of operational lifetime
Objects - 50~500kg
- Protect operational service
- Manage regulatory and reputational
erspectives
Rationale pats
Model Unprepared approach and capture
o . Ground
Astroscale | Servicer pission || Sustomized 1] segment &
N icensing insurance ] Se9ment &
provides

Universal DP IR
reflector

O©Astroscale

Unprepared approach and capture

Ground
segment &
operations

Mission
licensing

Customized

Servicer
insurance

This document is provided by JAXA.
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ELSA-d — An Overview @

First unprepared rendezvous & docking mission in the world!

Key Mission Details

* Servicer: 175 kg
* Client: 17 kg with docking plate (DP)

 DP allows prepared servicing of client using proprietary
magnetic capture system.

 Launch in March 2021
« Signed with Glavkosmos / GK Launch Services, Soyuz 2 ™ " i
» SSO (500-600 km), LTAN 10.30-11.00. ; ¢ \ \ Client (with DP)

« Full phases of operations that would be necessary for a full
EOL service, including client search, inspection, capture, re-
orbit and de-orbit.

ELSA-d Mission Concept

O©Astroscale

ELSA-d - CONOPS A
—:—LJL Client t‘_jrk ?_’ - 1‘:_? : ‘5';

Initial orbit

Initial descent

Separation Release Release
maneuver
v v v
— = -
AN —
j]_.._;y P {1
| L VAt i
rﬁ*jf]‘ﬁ @ ‘—'-P_ri’}\
- S~
) Navigation tech.  TMA maneuver & Diagnosis Natural (5
check-out dance rehearsal demo decay J
v v
( v Inter-demo C&R Inter-demo C&R
| v v Pas; ‘ivation
| = & (B
‘ il o4 peg—
| el | { y,-laa' . s ‘; /
L V a )
Capture w/o Capture w Client Search
. tumbling tumbling demo
v
Capture wio
tumbling
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7
LEOP Commissioning Capture w/o Capture w Diagnosis & Re-orbit Closeout
Tumbling Tumbling Client Search

O©Astroscale
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ConOps Video

https://youtu.be/HCWxdK7I0hl

©Astroscale 5

ELSA-d — Key Capabilities — |

End-to-end Rendezvous Solution including far
and short-range approach

* GNC processors (GNC command, sensor handling)

» Usual complement of attitude sensing e.g. star trackers,
attitude control e.g. RWs and position sensing e.g. GPS

+ Specialist rendezvous: ranging system, night navigation
cameras (wide and short angle), day cameras, range
finders, illumination device

Safety Evacuations and Passively Safe
Trajectories fully executed in mission

« Collision avoidance (passive and active abort)

« Movement to evacuation point

« Protected safety ellipse

* Manual experiment abort

« Protected critical functions (including de-orbit)

« Safety critical computing: FDIR and safety tasks
« Architectural redundancy

« High-fidelity ground-based simulation

Docking Plate (DP) to enable unprepared
removal

» Designed with constellation customers in mind.

Magnetic Capture of non-tumbling & tumbling
clients

« Capture system is designed to extend and retract and
allow multiple captures and releases.

O©Astroscale

This document is provided by JAXA.
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ELSA-d — Key Capabilities — I QD

Autonomous Flight Software targeting roughly Re-orbit, De-orbit and passivation capabilities
ECSS Level-3 autonomy

» Green propulsion system with high ISP and

» Event-based autonomous operations compatibility to small launch vehicles
« Execution of on-board operations control
procedures .
* Only intermittent communication with ground j}n{ﬁ\ .
stations (No satellite relay communication) W'\\_‘
il
Advanced Operational Capabilities In-orbit Servicing Ground Segment designed

specifically for EOL / ADR.
» Demonstration of client search capability.

» Fly-around inspections of client with operator
assessment.

O©Astroscale

ELSA-d - AIT / V&V - |

EMC test at TKSC
« Environmental tests (Thermal vacuum, EMC, Acoustic, Vibration) -

have been completed at Tsukuba Space Centre in late 2019 /
early 2020

» No significant issue has been observed and all tests have
proceeded as planned

« All tests have been conducted efficiently with limited personnel
(less than ten engineers have handled the tests including 24-hour

. . Acoustic test
shift during the thermal vacuum test ) at TKSC

Thermal vacuum test
at TKSC

Vibration test
at TKSC

O©Astroscale
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ELSA-d - AIT / V&V - i

« Various function tests have been completed for the last
eight months both in Servicer and Client

The number personnel staying at the office has to be
restricted due to COVID-19. IT technologies such as
remote access and teleconference have utilised as much

as possible

ELSA-d would be operated by Astroscale UK office.
Connectivity tests between the UK control centre and the
actual satellites have been conducted repeatedly.

.

Validation of operation procedures and operation training
are ongoing, connecting both the UK and the JP office

UK — JP interface tests &
Operation training

RCS (thruster)
function test

Ground support equipment
used for Servicer’s test

O©Astroscale

ELSA-d - AIT / V&V - Il

ELSA-d is now ready for the shipment and the launch!

O©Astroscale
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C08

ADRAS-J 7R = ) FMEE-HEMKE T T V) BRERIEHA & (F-
ADRAS-J Project Overview -World first ADR Technology Demonstration-

OREM 5, % #, BAR W (7 AR —/1), ADRAS-] 70y =/ bF—2
oFUJITA Sho, ASABA Kaoru, ASHIKI Kensuke (Astroscale Japan), ADRAS-J project team

ADRAS-J(Active Debris Removal by Astroscale-Japan)i%, #liE _FIZ & 5 % A FEHIEOBR EH T2 5%
FET Ay a T,

Fo. A7 a2 ME, JAXA BHFUCEERITIT O T 7 UV BREOHITFEIE (CRD2:FEHET 7V
BREFIE) O7 =2 — X 1 ORBEM/ S— b F—& LTEESNTEY, 2022 FEEFOF EIF2TE
LTCWET, 7=2—X 1 TlE, R E—7 v T 7V ~OT « IR AT, #uE BRI
HE S N7 7 ) OEECEE - HILOR T 2B 5720, B - BmEGEoOREE2Z R L TWET,
BONDACT —Z 1L, 2025 FLIBRICH B EF 2 PETHRE -V N 2507 2 — X1~
IHHSNET, ADRAS-I TIEZINHD JAXA X v a NIMAT A ha A7 — )Ll BIZSEET 5
ESZ (Ve S| g SRR

TARB A=V, ELSA-d 0¥ =7 hOxEr - Bi%E - EH £ TITE o 72 HiLA ADRAS-] 7'
T bNERATAHZLET, L0 REEEEEOR WY —E AR TE DL L ORIV A THET,

JAXA selected Astroscale and its Active Debris Removal by Astroscale-Japan (ADRAS-J) satellite as
commercial partner for Phase I of its Commercial Removal of Debris Demonstration project (CRD2), which will
focus on the observation, characterization, and eventual removal of a Japanese rocket body. Phase I will be
demonstrated by the end of the Japan Fiscal Year 2022 and includes data acquisition on an upper stage Japanese
rocket body. Astroscale will be responsible for the manufacturing, launch and operations of the satellite that will
characterize the rocket body, acquiring and delivering movement observational data to better understand the
debris environment.

This document is provided by JAXA.
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Astroscale

ADRAS-) 7' 00 = 7 MITE
-HEYARET TV
PREERERN & 13 -

ADRAS-J Project Overview

-World first ADR Technology

Demonstration-

2020, December, 9th
AT I PO R — L

CRD2 Phasel (ADRAS-J)
Project Manager

Sho Fujita B 5

©Astroscale

Astroscale Overview A

Establishment : 20134
Head quarter :  Tokyo, Japan

Funding :  $191M

Mission :  Develop innovative technologies, advance business
cases, and inform international policies that reduce
orbital debris and support long-term, sustainable use of
space

Vision :  Secure safe and sustainable development of space for

the benefit of future generations

Services :  EOL, ADR, ISSA, LEX

ENFL Astroscale Lid
== [SC T o 2 .
BE= gove— L]
. L} L 1Y ..' _ Astroscale Holdings Inc.
Assroscale ULS Inc, . _- % ) Astroscale Japan Inc.
Deriver and vk — _ . s z{;;};yo
Washingion DC Astfgscale Israel Lid . 215
2019 Ted A - ;
DX pstroscaln Singapore Pla Lid
Singapons -
2013
Copyright (c) Astroscale All Rights Reserved 2
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Astroscale Overview A

The only company solely dedicated to on-orbit servicing across all orbits.

On-Orbit Service
I

I 1
LEO GEO
I I

1 | 1

l Future debris ‘ l Existing debris l Debris, Unknown objects ‘ l Operating satellites ‘

EOL

End-of-Life Service

I
R
Ac is Removal

AD
tive Debri
e

ISSA LEX
[LESTIVRSIST. Life Extension Service

Copyright (c) Astroscale All Rights Reserved

CRD2 Phase 1 Project A

Astroscale is selected as a partner for JAXA’'s CRD2 Phase 1 Project from
2020 March for key technology demonstration for commercial ADR service.

HETE  [FIUREYERFEERLLTEY. RREREFELGMEEENTS)

wonma | (L PRrreREime na |- meew | r bl L o]
| ———— | FIUMEHNREORN (£01) FTURERNREORSN (2D2)
ARENLE CAEA AN B EAN) FI—=X 1 z022@miTsEif Ix—X11 z02s@muimiTs ki
supREnE preva— 5 '
fa Al [~200a] e W ] ™y
e PO LT S & £ . m‘
e Rt e

v

Pl

5T

RSN SRR

P —— » TE=TTH=ER (FTUAGIE, ERUS. - Fr=TH=EL (FTUAOMIE. NN,
- EE HRW . R VTR SN
f— TR =T J « TARARCY BRI, I, S TLRAMERLEN, ARENELNE
TR LTS CRDD F1—A1
r'. & Ak
s B W - S RARMRELS. BEEORR T T R )

http://www.kenkai.jaxa.jp/research/debris/crd2/crd2.html

Copyright (c) Astroscale All Rights Reserved
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CRD2 Phase 1 Project A

« First Challenges to demonstrate ADR Technology in the orbit

« First Challenges for mission procurement type contract. Thus, private company will
proactively develop, own and operate spacecraft and demonstrate technologies based on
its business strategy, and deliver mission products to JAXA. JAXA will provide technical
supports. :

Copyright (c) Astroscale All Rights Reserved

Key Technologies for ADR A

Approach Proximity Operation Proximity Operation Capture De-orbit
(Far & middle (Inspection) (Synchronize,
range) Close range Final
approach)

CRD2 Phase 1 Scope

CRD2 Phase 2 Scope

Copyright (c) Astroscale All Rights Reserved 6
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ADRAS-J Overview

ADRAS-J: Active Debris Removal Service by Astroscale
+ Developed in CRD2 Phase1

Key Mission Details

» Chaser: ~180 kg

» Target: Japanese Rocket Upper Stage

» Launch targeting: within Japan fiscal year 2022

» Full range technology of RPO (Rendezvous and
Proximate Operation) with Non-cooperative target will
be demonstrated

» Astroscale will be responsible for the manufacturing,
launch and operations of the satellite that will
characterize the rocket body, acquiring and delivering
movement observational data to better understand the
debris environment.

Copyright (c) Astroscale All Rights Reserved

CRD2 Phase 1 - ADRAS-J - Features A

« Challenges for rendezvous to Non-Cooperative « COTS sensors will be used for Rendezvous
Target are
» No Optical Markers on Target « State of the art sensing technology in ground-use

+ No Communication link with Target consumer products will be applied for space-use
« No Attitude control on Target

Uncertainty Target characteristics(attitude motion,
surface damage and appearance condition)
« Approach and navigation technology with multiple
types of sensor will be demonstrated

World First Real large Debris data Observed In Space

« Nobody knows attitude motion, surface damage and
appearance condition of large debris in space yet

«  World first in-situ observation data will contribute
further understanding on debris behavior and
environment.
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CRD2 Phase 1 - ADRAS-J - Features

Safe Mission and System Design Full Range Rendezvous System

« 1 fail safe design

« Collision avoidance (passive and active abort)
« Safety ellipse trajectory

+ FDIR

» Architectural Redundancy

« Not only close-range relative navigation technology
but also full range rendezvous technology will be
demonstrated

Launch condition definition, Far range rendezvous
trajectory design, absolute navigation

Middle and close range trajectory design, relative

navigation, close range trajectory design

Consolidated System Technology
Including Ground Segment and Ope
» Astroscale is responsible for not only spacecraft but

also ground segment development, launch vehicle
procurement and in-orbit operation.

Leverage ELSA-d’s outcome

ELSA-d is Astroscale’s world first system to
demonstrate End of life service technology which is
ready for March 2021 launch.

ADRAS-J leverage
ELSA-d’s ou