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Study of Technology Demonstration Scenarios of CRD2 Phase2
Aiming Sustainable Debris Removal

Ol AL, (LtE (JAXA WFFERFER)
ONAKAMURA Ryo, OKAMOTO Hiroyuki, YAMAMOTO Toru (JAXA Research and Development Directorate)
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JAXA’s Commercial Debris Removal Demonstration (CRD2) aims to improve the international competitiveness of
Japanese companies in new markets such as the on-orbit service market and to lead concrete progress in international
discussions on space debris removal (ADR) by removing large debris of Japanese origin in cooperation with the private
sector. To achieve these two objectives, one of the requirements of the debris removal technology to be demonstrated
in CRD2 is that it must be sustainable as a business, meaning that the practical use of the technology makes the debris
removal feasible at low cost. This paper studies operational concept of the future ADR project with specific debris in
terms of removal cost per piece of debris, and based on those studies, proposes technology demonstration scenarios of
CRD?2 phase?2.
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« Background
« CRD2 and Objective of this study
» Concerning derelict objects

» Future ADR architecture and operational concept
»Simple evaluation
»Example scenarios with specific targets
»Discussion on Russian Rockets

« Summary

10th Space Debris Workshop 2

This document is provided by JAXA.



F10E [RR—RFFTUT -2 gy 7] #HEERE 557

Background

W Space debris has been increasing year by year and in the future is expected to interfere
with human space activities.

B Removal of massive space debris in crowded orbit (800-1000km) is effective.
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Kawamoto, Satomi, et al. "Impact on collision probability by post mission disposal and active

debris removal." Journal of Space Safety Engineering 7.3 (2020): 178-191.
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Commercial Removal of Debris Demonstration

Aiming at the world’s first Active Debris Removal
in partnership with private sectors
Demonstration of the removal of large space debris left in orbit in two phases

B To improve the international competitiveness of Japanese companies in new markets such
as the on-orbit service market

B To lead concrete progress in international discussions on space debris removal (ADR)

Phase-I . aedio, Phase-II  rv025~
Key technologies demonstration ADR demonstration

w _ "*“’u'

» Non-cooperative rendezvous,
proximity operation, inspection
- Removal of 2nd stage of launch

) vehicle y

10th Space Debris Workshop 4

+ Non-cooperative rendezvous,
proximity operation, inspection
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CRD2 New partnership-type contract

and ofjective of this stud
New partnership-type contract

JAXA Private sectors

5 — Fulfillment -
« Service specifications | «——— |+ Design

+ Safety requirements | _ Manufacture
Payment |* Test _
« Technical advices gpe_ratlon
« Test facilities usiness
« Intellectual Suppor;t development
properties

' Objective of this study ‘

B To achieve two objectives of CRD2, one of the requirements of the debris removal technology to be
demonstrated in CRD2 is that it must be sustainable as a business, meaning that the practical use
of the technology makes the debris removal feasible at low cost.

B The objective of this study is to study operational concept of the future ADR project with specific
debris in terms of removal cost per piece of debris, and based on those studies, proposes

. technology demonstration scenarios of CRD2 phase2. /

10th Space Debris Workshop 5

Concerning derelict objects
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McKnight, Darren, et al. "ldentifying the 50 statistically-most-concerning derelict
objects in LEO." Acta Astronautica 181 (2021): 282-291.
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e ADR 3

Single Mission Concept

Shuttle Mission Concept

Crowdecjf
Orbit
800~1000km |

With Controlled Reentry

Without Controlled Reentry

559

Controlled reentry is performed to
reduce the Expected Casualty Ec of
the debris upon reentry.

To improve the orbital environment,
it is important to shift the debris that
remains in the orbit for a long period
of time to a short lifetime orbit.
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European space debris conference, 2017

Simple evaluation

» Targets are debris at an altitude of 900 km(Weight:3ton)
» To 350km : Electric propulsion
»To 200km : altitude decay due to atmospheric drag
» Reentry : continuous thrusting with chemical propulsion at 40 m/s
> If controlled reentry is not performed, the debris is released after descending to an

altitude of 650 km.

« Electric propulsion is used for large orbit changes except controlled reentry,
and the specific impulse is assumed to be 1600 s.

« Change in orbit altitude is assumed to be a transition from a circular to a

circular orbit

AU:]E_JE
r n

« Rendezvous and nearby operations are performed by chemical propulsion. The
specific impulse is assumed to be the worst-case value of 100 s, assuming

pulse injection. The required AV, is uniformly, 100 m/s. 5

This document is provided by JAXA.
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Example of Estimated Required Propellant

B Estimated propellant (2-debris removal Shuttle concept, with controlled re-entry)

4aV[m/s Mass[k Propellant[k :
Operation [m/s] thal P thal $I¢:cfr_|c Prcl)p. Note
RCS| EP | Before | after N2H4 Xe otal impuise
500km—900km
#1 rendezvous 262 1540 1514 26 4.0.E4+05 [Ns] Rocket Injection Error
Correction : 50m/s
#1 Prox. Operation | 100 1514 1368 147
#1 deorbit 297 4368 4199 82 1.3.E+06 [Ns] 900km—350km
#1 reentry 40 4286 4199 87
Return to orbit 200 1199 1083 116
#2 rendezvous 297 1083 1063 20 3.2.E+05 [Ns] 350km—900km
#2 Prox. Operation | 100 1063 959 103
#2 deorbit 297 3959 3885 74 1.2.E4+06 [Ns] 900km—350km
#2 reentry 40 3885 3807 78
Total 480 1152 531 202 3.2.E+06 [Ns]
Dry Mass N2H4 Mass | Xe Mass
800kg 535kg | 205kg ~
1UTh Space DeDpris WOFKSNnop )

Satellite mass and cost estimates for each concept

Concept Single Sigle Shuttle Shuttle Shuttle
Number of removal debris 1 1 2 2 3 Note*1
Controlled Reentry w/o w w/o W w/o
Dry Mass without capture
Base Mass [kg] *2 200 250 250 643 405 mechanism, electric propulsion,
and tanks
Chemical propellant[kg] 35 120 90 535 210
Electrical propellant[kg] 35 75 70 205 120
Chemical Prop. Tank [kg] 4 12 9 54 21/Chemical propellant*0.1
Electrical Prop. Tank[kg] 6 12 11 33 19|Electrical propellant*0.16
Electrical Propulsion[kg] 37 43 42 64 50 El(e3c1t||;g:aé apggfouiisrlg gtisounl;sy)/stfrt\; nk
Capture Mech.[kg] 40 40 40 40 40 Set in reference to JAXA Research
Dry Mass[kg] 280 345 341 800 516
Wet Mass[kg] 350 540 501 1540 846
Satellite Cost[million dollar] 49 58 58 105 77 model-based estimation
Launch Cost[million dollar] 11 16 15 46 25$30,000./kg
. No precision in | val
Removal cost per one debris 60 74 36 76 34 toon[')lo?jcels-gasedagsst?n:;%or?,uuessegue

million dollar i i
[ 1 for relative evaluation

*1) W. J. Larson, et.al., “Space mission analysis and design, third edition”. Microcosm, Inc.
%*2) The tank mass is about 10% of the Base Mass, but the lower limit of the Base Mass is 200 kg and the upper limit of
the Dry Mass is 800 kg. 10th Space Debris Workshop 10
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Satellite mass and cost estimates for each concept

Concept
Number of removal debris
Controlled Reentry

Base Mass [kg] *2

Chemical propellant[kg]
Electrical propellant[kg]
Chemical Prop. Tank [kg]
Electrical Prop. Tank[kg]

Electrical Propulsion[kg]

Capture Mech.[kg]
Dry Mass[kg]
Wet Mass[kg]
Satellite Cost[million dollar]
Launch Cost[million dollar]

Removal cost per one debris

[million dollar]

Single
1
w/o

200

35
35

37

40
280
350

49

11

60

Sigle
1
w

250

120
75
12
12

43

40
345
540

58

16

74

Shuttle
2
w/o

250

36

Shuttle
2
W

643

76

Shuttle

3
w/o

*1) W. J. Larson, et.al., “Space mission analysis and design, third edition”. Microcosm, Inc.
*2) The tank mass is about 10% of the Base Mass, but the lower limit of the Base Mass is 200 kg and the upper limit of
10th Space Debris Workshop

the Dry Mass is 800 kg.

Note*1

Dry Mass without capture
405 mechanism, electric propulsion,
and tanks

210

120
21/Chemical propellant*0.1
19 Electrical propellant*0.16

Electrical propulsion subsystem
(31kg (approximation) ) +tank

40 Set in reference to JAXA Research
516
846
77 model-based estimation
25$30,000./kg

No precision in absolute values due
34 to model-based estimation, used
for relative evaluation

50
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Satellite mass and cost estimates for each concept

Concept
Number of removal debris
Controlled Reentry

Base Mass [kg] *2

Chemical propellant[kg]
Electrical propellant[kg]
Chemical Prop. Tank [kg]
Electrical Prop. Tank[kg]

Electrical Propulsion[kg]

Capture Mech.[kg]
Dry Mass[kg]
Wet Mass[kg]
Satellite Cost[million dollar]
Launch Cost[million dollar]

Removal cost per one debris
[million dollar]

the Dry Mass is 800 kg.

Single Sigle

1 1
w/o w

200 250

35 120

35 75

4 12

6 12

37 43

40 40

280 345

350 540

49 58

11 16

60| 7j
*1) W. J. Larson, et.al., “Space mission analysis and design, third edition”. Microcosm, Inc.

%*2) The tank mass is about 10% of the Base Mass, but the lower limit of the Base Mass is 200 kg and the upper limit of
10th Space Debris Workshop

Shuttle Shuttle

2 2
w/o W

250 643

90 535

70 205

9 54

11 33

42 64

40 40

341 800

501 1540

58 1085

15 44

36 76

Shuttle

3
w/o

Note*1

Dry Mass without capture
405 mechanism, electric propulsion,
and tanks

210

120
21/Chemical propellant*0.1
19|Electrical propellant*0.16

Electrical propulsion subsystem
(31kg (approximation) ) +tank

40 Set in reference to JAXA Research
516
846
77/model-based estimation
25$30,000./kg

No precision in absolute values due
34 to model-based estimation, used
for relative evaluation

50

12
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Satellite mass and cost estimates for each concept

Concept Single
Number of removal debris 1
Controlled Reentry w/o
Base Mass [kg] *2 200
Chemical propellant[kg] 35
Electrical propellant[kg] 35
Chemical Prop. Tank [kg] 4
Electrical Prop. Tank[kg] 6
Electrical Propulsion[kg] 37
Capture Mech.[kg] 40
Dry Mass[kg] 280
Wet Mass[kg] 350
Satellite Cost[million dollar] 49
Launch Cost[million dollar] 11
Removal cost per one debris 60
[million dollar]

Sigle

1
W

Shuttle
2
w/o
250 250
120 90
75 70
12 9
12 11
43 42
40 40
345 34
540 50
58 58
16 15
74 36

Shuttle

2
W

643

535
205
54
33

64

40
800
1540
105
46

3
w/o

Shuttle

405

210
120
21
19

5

40
516
846

77

25

(@)

Note*1

Dry Mass without capture
mechanism, electric propulsion,
and tanks

Chemical propellant*0.1
Electrical propellant*0.16

Electrical propulsion subsystem
(31kg (approximation) ) +tank

Set in reference to JAXA Research

model-based estimation
$30,000../kg

76

*1) W. J. Larson, et.al., “Space mission analysis and design, third edition”. Microcosm, Inc.
*2) The tank mass is about 10% of the Base Mass, but the lower limit of the Base Mass is 200 kg and the upper limit of
10th Space Debris Workshop

the Dry Mass is 800 kg.

3

No precision in absolute values due
to model-based estimation, used
for relative evaluation

13

Example scenarios with specific targets

« Debris in near-sun-synchronous orbits at altitudes between 800 km
and 1000 km have already lost their sun-synchronous nature.

« Example scenario of “Shuttle mission concept” with specific targets is
illustrated by creating a simulated orbit with electric propulsion

maneuvers taken into account.

+ Scenario 1 : Japanese debris (ADEQS, ADEOS2, Rockets that launched them)
« Scenario 2 : ARIANE 40 R/B
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Maneuver logic for electrical propulsion

- C

ontrol semi-major axis, inclination, and eccentricity vector simultaneously

* Thrust Direction 'f . Linear sum of optimal thrust direction to change each orbit elements

N COE, — COE, ..
T = Z(l - 56015},6055) TOEOTCOE
COE
» Semi-major axis TSMA =[sina cosa 0]7, a=tan™?! (%) )
> Inclination Tine = [0 cosp sinB]", B =sgn(cos(w +v))5

> Eccentricity vector Tevec = X %) X A, + (B X ) X 7
XA, is a vector that represents the difference between the target eccentricity vector and the current eccentricity
vector considering only the orbit plane. ||A,]| is used for COE, — COE, of eccentricity vector.

» The control of the RAAN is controlled using the difference in the orbit plane rotation
speed (rate of change of the RAAN, AQ) due to perturbation, instead of orbit control by
maneuvers.

v The semi-major axis and inclination can be changed to increase the value of AQ, if necessary. But
the expected AQ is about several tens of degrees/year.

v RAANSs of debris to be targeted in the Shuttle mission concept should be close in value. .
10th Space Debris Workshop

Scenariol : Japanese debris
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Scenariol : Japanese debris

i 4AV[m/s] System Mass[kg] Propellant[kg] Electric Prop.
Operation RCS | EP | Before | after | N2H4 Xe | Total impulse Note
Rocket injection(500km)—
#1 rendezvous 469.3 800.0 | 776.4 23.59 3.70.E+05 [Ns] H-2. RB. 24279
#1 Prox. Operation | 100 776.4 701.1 75.3
#1 deorbit 220.9 3701.1 |3649.3 51.78 8.12.E+05 [Ns] Descent to 650km
#1 RAAN drift 649.3 Wait at 650km
Rendezvous to H-
#2 rendezvous 362.5 649.3 634.5 14.84 2.33.E+05 [Ns] 5A RB 27601
#2 Prox. Operation | 100 634.5 572.9 61.5
#2 deorbit 68.4 3572.9 |3557.4 15.56 2.44.E+05 [Ns] Descent to 650km
Descent to 500km for RAAN
. drift, inclination change
#2 RAAN drift 118.7 557.4 553.2 4.20 6.59.E+04 [Ns] does o rElEC ) GRE
ADEOS2
#3 rendezvous 279.9 553.2 543.4 9.79 1.53.E+05 [Ns] Rendezvous to ADEOS2
#3 Prox. Operation | 100 543.4 490.7 52.7
#3 deorbit 75.8 3490.7 |3473.8 16.84 2.64.E+05 [Ns] Descent to 650km
Total 300 | 1595.5 10th $paceli89:6workst36.60 2.14[MNs] Dry Mass : 473.8kg

Scenario2 : ARIANE 40 R/B
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« Electric Propulsion

DATE [yyyy-mm]

> Isp : 1600seconds

» Thrust : 60mN

> On only during daytime

« Dynamic Simulation with gravity (34) ,
drag(NRLMSISEQO, F10.7=100, Ap =15), and
thrust acceleration. Weight of ARIANE 40 R/B is

1780kg

h Space Debris Workshop
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Scenario2 : ARIANE 40 R/B

. 4AV[m/s] System Mass[kg]  Propellant[k Electric Prop.
Operation RCS | EP before | after | N2ii4 | Xe | Total impulee ote
#1 rendezvous 248.6 800.0 787.4 1258 1.97.E+05[Ns] OGS Aﬁgﬁgj’g(_gol%kl”gh
#1 Prox. Operation 100 787.4 711.0 76.4
#1 deorbit 54.7 2491.0 2482.4 8.67 1.36.E+05 [Ns] Descent to 650km
Descent to 500km for RAAN drift,
#1 RAAN drift 702.4 699.6 2.78 4.36.E+04 [Ns] inclination change close to
inclination of the 20433
#2 rendezvous 201.5 699.6 690.6 8.93 1.40.E+05 [Ns] Rendezvous ARIANE_R/B_20443
#2 Prox. Operation 100 690.6f 623.6 67.0
#2 deorbit 68.1 2403.6/ 2393.2 10.42 1.63.E+05 [Ns] Descent to 650km
Descent to 500km for RAAN drift,
#2 RAAN drift 77.2 613.2 610.2 3.01 4.72.E+04 [Ns] inclination change close to
inclination of the 22830
#3 rendezvous 213.9 610.2 601.9 8.27 1.30.E+05 [Ns] Rendezvous to ARIANE_R/B_22830
#3 Prox. Operation 100 601.9 543.6 58.4
#3 deorbit 106.1 2323.6 2307.9 15.67 2.46.E+05 [Ns] Descent to 650km
#3 RAAN drift 0.0 527.9 527.9 0.00 0.00.E+00 [Ns] Wait at 650km
#4 rendezvous 145.5 527.9 523.0 4.88 7.65.E+04 [Ns] Rendezvous to ARIANE_R/B_23561
#4 Prox. Operation 100 523.00 472.3 50.7
#4 deorbit 59.2 2252.3 2243.8 8.49 1.33.E+05 [Ns] Descent to 650km
Total 400 1174.9 252.5/ 83.71 1.31[MNs] Dry Mass : 464kg
10th Space Debris Workshop 19

Discussion on Russian Rockets
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+ One important requirement for the debris removal technology to be demonstrated in CRD2 is that
it must be low-cost to the extent that it is sustainable.

» The architecture and operational concept of future ADR projects were studied from the
perspective of debris removal cost per piece, and the Shuttle mission concept, which removes
multiple pieces of debris with a single service satellite without controlled re-entry, was confirmed

to be advantageous.

« The feasibility of this concept was confirmed for specific targets.

» For the CRD2 Phase II technical demonstration scenario, it is appropriate to set the service
requirements based on the main technical items to be demonstrated, such as capture and grasp,
descent into orbit, and release (without controlled re-entry).

Requirements

General Requirements

Observation Service

Orbit Descent Service

Termination Service

Contents

Acquisition and provision of position, velocity, attitude, angular
velocity, and navigation sensor data of the satellite and target debris
during the service period

Acquisition and provision of camera images when approaching target
debris

Orbital descent of target debris

(The target altitude is still under consideration.)

Safe release of debris after orbit descent
10th Space Debris Workshop 21
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