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Abstract

The world concensus has been made to mitigate debris generation by the “IADC Space Debris Mitigation

Guideliens” and “UNCOPUOQOS Space Debris Mitigation Guidelines”.
and European Code of Conduct for Space Debris Mitigation defind more strict requirements.
has been reflected in “1SO-24113 Space Debris Mitigation” established in 2010.

But recent standards registered in NASA
These tendancy
JAXA is schedule to revise its

“JMR-003 Space Debris Mitigation Standard” in order to coordinate with world trand.
nd encourage international trade and launching services. .

Key Words: Debris Mitigation, SO standard, Break-up probability

1 e
JAXAVTTERRBAEIC T 7 AR B IR A % 2 il 2 L C
sk, A7 RIS SN D L H B g
TETREBY  FORENIADCH A RT7 A v % L TEH
WA RTA b MmIN TS, LarL, 4T
BROKDS Z 06 2l 2 Bk LB 2 6E L, ZH03E
BHEAE LS (1SO) 0 7 7' U BRI 12 b KM S o
DD, JAXATIE Z A GRCK OIHIRILIZIES LT
[AR—=2F7) FEAEF; IEFENE(MR-003) ) # &G LT
R ERI%ER L~V TEIT D 2 E2NIMCRIFL &
2E LTS, ZoRFE, WS LR FEO M 22 i
ESPENEOFEHE VR ADEMEEZT B — L35 2
CICEBNT D EWIF LTV D, LavL, RIS E B
HE DB TITW R 2R ORI KT U CTIXBLER 22 %)
JiA L B XD IR L THBIb OB ZFFE L T b,
—J7, EE TS [FHIEE O R MR 2 (%
LT 27 0OTEE) ABRBES TS, BAEL ZO
F O ZRRPUTEE U T E LU T g PRl 2 s~
DEMR, BFOFBEA~DEIC T 5T 5 FHIGB DR
Bl ZNOERIETHHUERBEOREE T A L
<HRMTHUERD D,

2 BREEORI

WE IR B SBIICEX 2 b ol AEREINT
WD %8 D UIE20,000E 2 1 2 T\ 5, Zhud
—fRICAB SN TV 5 #916,000fH DMk & AR
KRR O TAFE STV 21 16,000~7,0001H D4
EKOEFTHD, B X V/NSRBIRITIEZ NS

<L B AR E O FEBR O E %I X lemfk O A
17T EFEAE Lz Z & D RIE O EERE L — & TRl S
T, 77U OBEIMERIFINE 5 KBS i,

DL T TV OWBIXTFTHRAT — a v DIR
LT OBEIZLE > THHEETH S, ImmLLFOT
TUVTHEDOT VI - "= b - XV EHELT
WNIICHE 2 BT B RREE RN B B, Z OB O HIEIC
DWTIHIAXATH EBERMFIEHRE L O 2 TV D3,
EEZW N2 T 7T UM EFUZEGFEL TV DT, 4%
ETEROSINTNDEZATHD,

77V OFAJRRNTANEL L BV SRl ORI T 2
LD 6D ThHHM, BHIICAHUL, EH#HT 7 VAL
WA RTA U THESREINTWE LI, kDT
7V FEA R RN EIHLE EIRR LA 5E L T2 DA A
I OWIRICEZE L CTT 70 2 H5E S 8 2 #gH R
Th D& DRMPFATHEHO RAFETH L,

3. F7UAERK
2010 4 2 A2 ESA 23 [EH - S22 [W I HZE B4

WS L7z & ZAIC K AUE, H B BB 21k
D BINHRERE . 16%ANFE ST FTR . 12% 03 e
SNz m sy M TR S TR 7R & TR D D 6%
DEAFOETHDIEDZ L THD, KEIFZIND
DORBOTEHREMHFUIZA L T DO TEBETH K
IR CTE 208, W@E IEA T ORE & IS -
EEXBIT20EIRETH D, (X-1 /)

This document is provided by JAXA.



EAR [AR=AFT TN T =2 ay 7] #FHEEE4E

BREA

59% maTumie
SEMERETLS
miEnnENE

SRS
7% .l"
mmETE. f . TMEFBORL
DAL E BT (ImasmELL DBRERBLEL | | e ReROBLE
EVEE L - Dbl (REEESE)
A+ ETHLT. (ATO AHEREBLE
Bz 52 BIE)

HA: ESAM2010%2A MELECOPUOS.~ STSCA R &Y

-1 77U OFAERK

4. T 7Y xER
T 7 U SR IT S IRAIR OFEAEPFUCKIS Lz b D & 72
V. JAXA OF 7 ) FEAEFIEEENECTIXLL T O %2 %
KLTWD,
(1) EBSLEE D AL Ik
(2) WeF OBk, WEEITA Ok E
@) HHZKT LR, vr vy b a2AHEE)
HHBRT 5 Z &
(4) WuBENBRELLa sy M, WENET LGS
WCH BICHE A RF S b
(5) Wil O ZEF DO Ik

IS DBEROFZ G OW TR A @ o B
fREH TS, JAXA TIEZN LD HED 9 5, #iE
BREE 2 I L S W DB OB IR & | Fhikf
BEOEMKTHOWELE ((REEE) O OBRE)
ZEMAL VD, BEIX, KKIEPLE W) BROE L
FIDME 2 O ERIEBLE R CTIE T 7 U IIAEAE Lisel ),
KHEREIZIREZ NS TH D,

5. HHROT 7Y xR O RER

JAXA TIEFERL 3 FE LY 77 Y B OFAAFIE &
BAGA L. PRk 5 AR DT 7 Y S8 A B IR O il E &
B L72IEENC AT L7z, £ LT, NASA BIEWEZ 2
FE#E NSS1740.14 : Guidelines and Assessment Procedures
for Limiting Orbital Debris % 3-R% 7 4 HilE L 72 B4E D
h% 8 12 NASDA-STD-18 [ A ~—2 57 U J&/ERf Ik
FEE ) ZHHE LTz,

JAXA 1ZZ 00 A2 R IEO 6 0 &9 <
B %238 U CFAk 11 4R 2 7 o0 [EDE 5= 1Y 2% ) Rl 2
BRICRNERESORBELZRE LN, 2MENLO
BRN 2 IGO0 Tz, BREREIXARLE RSN
FEARETH D LBRTHEY . 77U xR ITEERE DT

R DOWIEBREE DOME 2% A fIRT 2 T DI Y EET D
HLOTHDEDRMN RN TH T, JAXA [Tk
DY % EED & e EBUN R T HIERE O 7 7 ) R
THE K3 B Inter-agency Space Debris Cooditating
Commiittee(IADC)IZ& L, =2 CT7 7 U kFRIE#EED
el 2% U A SEDOTEE 2 /% CFRL 13 4RI 2

[NADC AX—ZF 7 UMK A RZ7 A1 > OFTHil
ETDHICE-T-,

Z O], KEIL NASA & DoD IC#EMT 5 REE
IHEETFIE] 21T, 77 A CNES b [AERDIEHE
TAEAERL LT,

— 5. ELREFHEFOR 22 B 22 (UNCOPUOS) Tt
EHon I aof77)mﬁﬁﬁwif6ﬂ T
RIRE DR D BN DWW T AE DR NS b T
TEWZ 23, FRIZK 1 OTHIRATRE ﬁf ZhLh B otk
DGR o Tz, L L, Pk 134, K[EIX IADC
A RTAORIEORMBLBTZDL, ZNETORE
JEE—ESH T, IADCHA RIA v &EETTV R
— AT 5T L AN FEE LA TREL, iz
AR S IVTHRF A S, AL 19 FOEER AT 7
TR A RT7A42 ) L LTHRESNDICE ST,
ZIUTZIADC HA KT A > D N OREEN 72 L1 T
BESNTWDHILDTH D,

IR EAAT L CEIN T 1577 U AR 18 0 72 R
1TENBEL ) ZHE L, CNES, ESA, UK Space Agency,
DLR &N B4 LT 5, ZDOIERONEIT IADC H A
R4 XD TICH L <, FERICERIERZFR L
TW5, EIEE—% DA77 OEE (0.0Imm LLF) |
JREFEFHE AR (0.0001 LATF) | BEFEALE ORI
(0.9 LA E) R &N TS

L2rL, ESAITERIATEIRGLICEA LR b b
SERUICHEAT D ICITNEENAET D & LR 19 4EiC
ESA 7' ¥ =7 MIxtd 5 ERK & LT Director
General’s Office 7% [Space Debris Mitigation for Agency
Projects] Z#F1TL T\ 5, T ZITITBEFEF A MEEOBE
TR RO HHNT 2\,

—7J7. NASA % NPR 8715.6A (% 20 4F A &7T)

L 8719.14 (PR 197 4F) ZHlE L, BRNEZ#E L <
RiE L, ZO@EMAHFECHOWTIES R Lz, BT
FHFEF LNV OERTH L, FEIRE—F AT
DBIFIDBHENT & & | B FIIEA MR 0.001 Th
HIZ LIRS TND,

R 224F | [ BRAE LB 131S0-24113 [ Space
Debris Mitigation] #7817 L7228, & ONFIZIZE KD
IR K E TV 5, IMR-003DBELET
TIHEINLOHROBX AT LI HILTSND T
ETHD,

ko E 2 X-212R7

This document is provided by JAXA.

23



FHAZER 5L

FAZSHERE AR PE R JAXA-SP-10-011

FHSEE FRINEE FRIEE TR 18R s
- Y
wE [ nasa K EBUH FiEHRE i
1B TR S EiEE (NPR 8715.6A AR
(FoR) 2.8719.14)
SFeiEE fEzm E&
B NASDA remmer | o HFR SEB L maiEsy (1| COPU
FEHE :mj’uylﬁh %ﬁ%j@ DEE A DEEEE 19 0s
v — Eid
= {AACNES A ISOT7Y ED
TR a5 1 | CNES 53k =
TR || g || EE HEGRH | (ISR
A = i S35 e = -
| I FTUERD e
| O (iﬁJ Az
o= B i i = AEHE /
% 05)% | | 2n
BRN S35t el | | R
) 2 R
c BhLE i
ESA ESAIEERE RIS
Ay T IHERE R — 4

BRiFElL> EE~OEER > AEEHRMARESE> BE~ORE> HFEEF~ORES> EHlk

> BLOBARKICILSERNLE. FHEFOFLIE~DER

[%]-2

FR22F12 A BIE, IADC, [EH, & [EF . [

BRI T O CEEHIE L T\ D,

(1) 1ADC-02-01: IADC Space Debris Mitigation
Guidelines, (Revised September 2007, Revision 1),

(2) Space Debris Mitigation Guidelines of the COPUQS,
United Nations Office (Resolution of 22 December
2007)

(3) 1S0-24113 Space Debris Mitigation (2010),

(4) NASA-STD-8719.14: Process for Limiting Orbital
Debris (Approved: 2007-08-28)

(5) NPR 8715.6A: NASA Procedural Requirements for
Limiting Orbital Debris, (Effective 19 February 2008)

(6) European Code of Conduct for Space Debris
Mitigation (28 June 2004, Issue 1.0)

(7) Russia: National Standard on the Russian Federation,
General Requirements on Space Systems for the
Mitigation of Human-Produced near-Earth Space
Pollution

(8) ESA: Space Debris Mitigation for Agency Projects,
ESA/ADMIN/IPOL(2008)2,Director General’s Office
(1 April 2008)

LLEDT 7 ) 3R DN O el & -1 1R T,

6. 77 UXRER~OwE A

T 7 USRERIT, EARMICIIZREEDTIT TR
7 2= XOERICAEDE THERAE L TWDH, Hiffo
RFEHMEL DB X b, BRI TE R
WZ EIH D, BIZITZTORNRG S,

(1) BEHETD LR L 2 SR I TR

PR DT 7V 5 FAH DO R DL

IR END Z Ll b, ZHUIRATRETH D |
B FF A 2NN 72 O I B BRI Z I 12 72 - C
YRR

(2) ERKE T HOREGER RO RERTEE (&
2000KmELTF) 735 DEREIZHOW T, HRICHEE
REA LRWEAIIIREER S, SGEE IR
LWThHD,

(3) Hi BT OLEVEFRIEIC OV TIE, RIS 7
WroOREREORBELH Y . £-E LRE LA
WEBREERE S22 VEERH . ES
IO H D, W FRICER LS W& v 7 %%
MEFTH D,

77 U RRERICFERICHE N ERTE 0O
RILEOMATH 1T TH D, KEEFZFHEOR
(20064F iR M OR20104E iR O ) Tl ik, #T L
FH—r 2, Wk - EROFAZEROETICENT, 2
v g VR E A A MIROTA Y Do, KEE
JFHGE BT 7 VAR IS B ke 5 | RS
NTEHY, JEDONASA-STD-8719.14I2 W T H [F7
USHRER 202 ST A%, v v a VERE R
R WA X R e o IO 1 /Y s I G oF TR (Y AN
Tl b vt HfRE N TS, bL, HEHT TV
KERBLRAN I » o VELR, k), A TE V=
ARA Y NI EDTOIZERRF G R &R
e B, WU e & EYEEEDLT 7Y - TR
AR UAR—FZRMALT, NASATV B 7T 4 <

This document is provided by JAXA.



EAR [AR=AFT TN T =2 ay 7] #FHEEE4E

AV —mBLUTY == HGHT LI ENTE D, |
LTV,

7. 1SO7 7 U RIEHLIES & JAXAD RS IG
I1SO1320104F {2 1SO-24113 Space Debris Mitigation %
il L7z (F-128) . Z0I1S0-2411313 sl &My 7
UPRAZZRT A0, 2O FNICE < o7 7 Y Bl
AERIET D2 EEFERL TS, 2NEH-BIIRT,

1SO/TC20/5C14 (EIRME(LEM METHHEHSAS  THROATLMEAS)
TFUWG
(i e |ms

WG | Rimwe

EEWG HHWG

L F L hlags 1 L g R FUMREF LD |_ TLz25HE
e ——— <5 A lil!i\:n::\

CEL et ) F LR RS e

b EEMEEERRE
HERAZIWERE
B Ml D RE

[ WD REE WE

- G L

T miemm
Fins

b Cr b ML

L EEESE
B-3  ISODTFH & AT LgatAl & FHEh o7 7Y
B LS (KR

Z DIS0-241131%, ZivE TOIAXADEEHE IADC
A RTA L BHDHVEEETA RT A &b LT
PUF oA TREIDRIE ST D, 2 S OBLHIANH]
E S AL CIXbh 3 E & EHBLME, MEEFTREMEICBI L
TERARAL, EXEERLTED, ZERDOR

HICARERN D S TIHE S D 25R0ED b H o7z,

ZINDDEAS~OXTES SO TLLFIZHAT 5,

(1) KL S ORREEA B A3 ImmEL T IZHIFR S 4
TW5, ZHUTSEER L NS T H B OBRBEAR
K EHIRT B H DO TH D, FHETHEF A HE
ThD,

(2) BEURE—Z 0D OEEY CHLERE A TG L2
L HHIAIMb o TWa, T THEEHLEK E T
W DB ~OPEHIHE S5 23, IRfuE~D
PEHIHNIZ A HEEIC L EE o TV D, Z O
O #Ham O TILIE I~ O X < Imm o 5%
EM ORI S5 L I RR S TWVTZA,
KE R ANE & LT b B 70 eI 4 5%
T2 Z LRI R TH D & RIR LT, gD
FEAETIR 2 M ECREET B 72 oI I3uE R ToZ%
AT D2 EMMETHY, TNTIRETH
Do demOFE R, il LELEIZ DUV TIOR3 2 2%
BRG 5N, KEE CORERE — & Offi X E
VEIIR S 9, FERiCHE T CROE T D IEEFEIC
BMEDHZ & Lol AT LIXIemEL T D5k
) C & TN = EE800km = T R DI T 23
MR TEHDTary 7747 v ALk fg & 4

WrT&5, HBIET7TRYFy 7 T—FOHHITHEL
e IR B,

(3) EH P DR AR H30.001LL F & AR & Tz,
ZHIET 7 OFELSOPNERIRIA I X D ko
FAEMREEZHIRETHHDOTHDH, EFEHBIMIZON
TIEMEERFIIFRETH D3, =V B
YY), B R SICOWTIIBERFERICRE LT
YD Z B IRES TRV, JAXATIIL 2R
DHER SN TV D IE N FRFIIEHEE A 1.0 L 7
L, TV VEOBMEIR Y AT DTN TIEY
%Y AT AARROGHEE NI E I I TV
Y LFHMET 52 E TRVWEEBEZTND, 20D
FFAM 25 A 1ISORIFE I & KM~ 5 L5 R LTy
D,

(4) BEIEAYy DS RREIHE R 30900 & STz,
IHUEI v v a OB RS E LT, BEEEARDD
WEEHIRTHHDOTH D, —HOMEITERRK
TRICEBICHEET LD T, DR OIEEE DK
TN WO THIBITEY,  EPK T HR2UERE
PLEGiES 2 LMBEICR 5, 7272 L, I1ISO0ER
T HEHRRUTIIER S 5 LR L T DH DT,
ZAVTIAXAFT RIZET T 5 L IZERL TV D,

8. A% DIAXAD RIS TE

JAXAESMER & LRI AT 5 A JAXADHE
g 7 FBIADCH A KT A VoE#E Y A R
TANGETFT L2 EOIBNRDOBEND, S%ITZ
B HTA FFA T2 o TISORLKE ~D ST A3k
LD ENTREIND, —F T, FHEYRAD
I CILZ OISOBME 235 2 & B35 1E o 4a
PEOFFEFEE LTHOWOAED | MRAERIE LZ v
AT A CTHYHIIC TS S AR 2@ 2B E NI TS
"REE L B B,

JAXATIE Z DISOBIS & IAXAKEHESCE: L &A1
Y R E RS BT O A iR L, sk
EOHBEO LB ERTEIZL L D L LTS, JAXAR
DK D R EBEIRT 2 L TR EREERC S R
SRR S AL, B EOFH BV R A O
MZHTE—LTELLICRDZEZHHFL TN D,

JAXAITLA # b EIBE RS O 35 Il R 22 M b o i
FUZHRE U CTIRBLEN ekt %2 & 5 X9 FiE L THBME
DOWELZFEL LY L LTWD,

—J7. EE TS TFHIESO R MR %
FAET B 72D OIEE)) BBASNT0D, BAED 2
D XD ZRRPUCELE U C L H L~ T e R etk
~OERK, BFFEORE~OEBICH ST 5 FHIGE O
BELE | N0 2R T 2ITERKEOREEZ NT A
I<HRATLHLEND D,

This document is provided by JAXA.

25



F7E b SRR B R JAXA-SP-10-011

jL2e

L

T

26

F Loyt s marge (QU W) CFNHE QM Yy @E k1 SEIHELIIND "2 2

((w)d

(AU w).d

=(wla)d |

(WA sy pskmEmOBm RS (B

LSS 103 WL ES)03 HEHEEE WY OFH MG I kT E ce (4
O —dt L Wo>x
(,,01>03)O B G 06T <0k =g (,.01>93)O O (9-99d) O O ST WY aek
KhiE 2 kY3 =5 0T KhlE 2 Y3y 0T O A (EI eIy &
wy 00£'SE-002'02 (WX 00Z'0Z - 00T'6T 8PNIIX3) @ 5
W 00L'6T - 000°C (W 005-039D) ~ WX 0002 O LRWE EHO~ BWEHTE | R o »
6 0T =TS
‘sieakgz># 34 103 6" 0<skI X 5t ®
&y G2>4) % 103 ‘steak 0E> (1T dy S>3 (999Y) O | (HfI6ZkdVay G2) 3Bk g S O 3
‘Bap GT>Z(#Y>GT ‘Bop GT> i/ >GT- ‘Bap GT>ZBY>GT- e Tl 3l ey 3 VW
w»f 00S - 039 W 002- YirgLk L 039 = =]
6" 0<sk A Fh-r [y 00T E @m
(039 i) s1eak 00T 6 0<se s
+uMooE <) G00" 0>k I €00° 0> 13 €00 0> I ¢
u»f 00T9€< (W/w+12-000'T) +WX GEZ (W/w+12-000'T) +WX GEZ (L-98Y) O | (W/v-1D.000'T) +W GET P cA—KG
T0'0 < $S929NS [esodsIp (V102 'Nv2) O WX EC DY) G/ .
(2 0T < M) 000> (£994) O 0 WY |
WM CEAO G
A 2AHIH—O N AT —O (G-99d) O O L Qe SR &
O g-0T > s =y St 3l ¢-0T > s 7 St oY (¢-93d) O O Wi O oh [ FY i
A YA OTRA YA BV T L s g
O~ FHH O b HE 7 YWY ¥ BZWWI(E) =
L YAT RS ¥ B Rww(e) -
<y X E)00T £ H ¥y & ¥ Fywd 0T(T) O (r-99d) O O IS L
T30 0 LLY
WW T > %4355 EEYa
O SR 5 — ) S
A~ WN00S-039D 21kAYT = G2 EEH
BN 0T 13 WO G 2039 (2) o)
MYy X [ 00T STl “IEME
sieak Gz > ‘WWG< | 2rYddy G2 ¢ BRI @ wwr 037 (1) O (1-99d) O O g chof 0 g 1ol
(V9'ST/8 HdN pue) (#T'6T.8 YdN) (S4B ETTYZOSI) L VK ALy VK
S RO K VSVN oSl NN oavl L)

CM@HOA V£ JEOHEBPEEEY T-¥

This document is provided by JAXA.



27

iR

[

AW [AR=AFTIVT =23y 7]

(8003 T1dY T) #21JQ S [eIOUSY) 103031 ‘G(8003) TOdI/NIINAV/VSH ‘s109lorg Louady 1oy uonjednijy suqa( 2oedg :ySH (1

uonn[[oq
ooedg YjIeH-1eaU paonpoJ-uewWng jO UO}ESIIN 93 10J SWOISAG 9oedg U0 SjUsWLIMboy [BI9USY) ‘UOI}BISPS,] URISSNY 93 UO PIEPUR)G [BUOIJEN :BISSNY (Y
‘prepuelg uonESUIN stqa( 90eds 'VE00-HINLF-VXVE (8
(0'T @NSS] ‘$00g dUnp 87) UOIFESIN SLIqe(] 99edg 10§ 3onpuo)) Jo opo)) ueadoiny
(8007 Areniqey 6T A1) ‘SLqR(] [BYIqIQ Suniur] 10§ sjuswotmbey] [enpecold VSVN :V9'SIL8 HIN (@
(82-80-L003 :peroiddy) stIqa(] [31q10) SUnIWIT 10§ $80001d :PT°61L8-ALS-VSVN (P
‘(0103 Jo pue oy £q paystqnd) (SI() uoNeSHIN stqe( 99eds E11H3-0SI (2

(L00Z T2qUIdd(] Z7 JO UOHN[0SAY) 9YJ(O) SUOLEN PaIIU() ‘SONJOD @Y JO SAUIPpINL) UonESHI stqa( 9edg  (q
‘(T UOISTARY ‘1,00 1oquiojdog posIasy) ‘sourfepiny) uonesnuIy suqa 92eds DAVI :10-20-0AVI (B

T
LSHE 103 WL 2503 HEEBEE W)Y CWEE T EEEY I0  HekEG e &0
O —dfkL o
(H ¥ 2) S¥EYT) AU
(,,01>03)O O (,,01>03)O (,.01>93)O EMT WY LHE | B B
O WETEE | E = |
(> %% 31930 0d[1[BY) O o EHO~EGHT | & B |2
6" 0<ska G fmk K
MYAHy G2 MYA=hSC I TTAy GC Ay GZ>F) % R [ e R R =
B3P 1> 4>ST- B3P §T>FH4>ST- EWERRY | = | o
| Y3 wy 008- W 00¢- ¥irFeH i L 039 E |
000> 17 6 0< I =
(W/v+12-000'T) +W GEZ (W/V 1) 000T) +W¥ GEZ (W/v+12-000'T) +WX GEZ (W/v+12-000'T) +W GEZ W ca—¥kq
WAl 4 ¥~ (i O PN B QW | ML) il 5 B
WA 4 ¥ (i WAL 4 ¥ (i (V10D ‘WVD) O O RSB T o
6'0<selai "1 L 25
QYA T F S SR EN© TSH &
E 2N YT B <L B %0S L B>H LI LHD B (LA mw
O O O O Y 3 e =
O O (G0-HA-AS),-0T > sk F FeA Wit O th & ®
O SAERIIHTEL 52 O F0-4d-As)O g % Loy
O (LO-AA-AS)O T LLT
WWT > 475 Tl WY =
WWT>/ 2w (¢ 30p WWT) WUT00> 7 £v | Ghb 4 —2-E £
(L#20YT 4y G2 RITPHL) O O O O e ke 1 20 i
s100l01d Aouabyy 1oy (VE00-HIAL) DML ELL Y
uonebnin sugeq sdeds (8002 |1dy) VS VvSvd VXV b B2 (1 L L SO

CRIGHOA V£ VEOHMELEEY T-2

This document is provided by JAXA.



0. #LH

This document is provided by JAXA.



BAR [AR=AFTT) T =2 v ay 7] i#make 29

FEAR—RHFT—FEUE2—I2B+5TT)EHEAOTK
OmIAKR (AARRR—ZH— FH£E)

] |l SE R AT IZH D R B A=A — R ¥ — 3, HERT /N RBIOAN—AFT 7YD3 R - %2 B 1Y
LT rm m% 1.0m & 0.5m D2HE O ESEA - T, 365 BRI THMAEFERL T\D, AX—AT T
DT, BRI RZE L CoOBE) B A& E D IEUEL R DI IR L REE) HBFHE THD (A—2FT 7 UOE M
i@LLT\\*‘ﬁ’(TLE Two Line Element %)%~ TR RKIKZIBRETDHIETIToCQNND), TD7=8, T 7 V]
CIRBLIN 7 1k GER SR (U IRF O I RR) <ot 771k CRIRO R A7 &R E) 2338 % O RSB L 132> T
0. /NSRBI B O 2D 0N S FE e L 7o A A E A H L TG, ERBAR—AN —REUH
— T, 77°U/7—“/a‘/%%0>ﬁﬂ?1%\é&:iof?‘fﬁ%?ﬁ@?ﬁ%ﬂﬁ%iﬁbf%@\ AENIZEnE LT 7 VRO
B F7-, T 7 VBIOREIZOWTHL T 5,

2010/12/16-17 F3EAR—RAH— RHARKKFE4ERTFIVI—Ivav7

EEANR—ARAHT—REVT—ICHEFZT 7 ) EHBDRIR
(BSGC)

1) BSGChO{1E
2)?7Uﬁﬂ®ﬁ¥

ghil=E. SalaE. B - AIEDFN
3. 1_LLE E'Jmn %L‘_')L\T

S5 E) oRERE

BFAR—RA—KiES _
EEAR—ZRH— Rty -8
[:ic] 11779,

This document is provided by JAXA.



30

TR LT P SRR R B EL JAXA-SP-10-011

XU ®IC : BSGCOLE
FAIBIR

@365H 4 TH A

@ TFIAE) OEKBEICEDEEHMZRE
@I L UTHIENEFORE - 77V
OHH. SAl=>UBAE=>HERERS

BRI omm - mimnous

FHRTLOMK - SE (ZEE. CCONMTOISLE)
F—yRBTOYSLORE (EBRENTTOY5LE)

OE A - F— 5 DI
ZiEH - CCDN X 5 DEAMELITA
PR SRS
i EHEEORE®Z OBREIC DV T DR
SR7—5 DREAR

05 5 1 BEMFEDRE - HHE
EEBHEAORBEN (BHHEHE : HE600~1000kmiZE)
TDIC & 27 7 VBRIV R 7 LDRIS

2) 7TVE
REE
iy
77U OB - HERE

Al DBEE

This document is provided by JAXA.




EAR [AR=AFTTVT =2 ¥ gy 7| HEEHEHE

EREETS

\\\\\\\\

%Ez&—zﬁ—Fty§¥ﬁmaz?A

Tm&Zas | !

!

hes VgL,

ESE— K hEsL s, ARFK2 |
REH 1.8x 1.8 E
BABREE  [#E - AESE/ P
EaAR 7 4 — o Rl
CCDA A S 2048x2048 x 1#
(Apogee U42)

\ ! A\; >

aBkF#I3

RE A 1.2x23E
RRNEBRRE R - KIB25E/ B

CCDAA S ~

BEAR 7 #— o XFEE
2048 x 4096 x 4%

....... < N—hVUyFoUFT7r. GKFHI5
0.7x0.5 &

RA VR RERE

2184 x 1472 x 18

(Shig st10)

FABH

BSGCoO& BB %X

Iﬂll Elﬁﬁ-f Eﬁ)ﬂ“%ﬁﬁ$~70%

350 £

250 |

150 |
100 |

50 [

300 |

200 |

2008% (257%) ]
2009% (245%)
20074 (241%) ]

2010 (174%)
(12A14ER)

50 100 150 200 250 300 350
#AR (4/1Hh50EHEA)

This document is provided by JAXA.

31



FH AT SE R SRR R R JAXA-SP-10-011

77 OERGE

s FITUDEHEICHDLETER (TwolLineElement : @ED#ET—4 Z{EH)

- B4 ~ O NEEBER ——) T VI LT
- BHERE  0.1#W~10% (REFEEL : EENRR LD BIFREREL EH)

20094%12H12H
FZHO.58x 5%

TF7UDEH - MNERE =>FEF8a8it

1) SAIEROERRE —
ESKOEOORS (XYER)
EREOUB (T FEEORE)

2) EEMBOLY U7 YT Kfindsat
EffHh 535 5S/NUEDOEREZHH KRR
: : s AV > R T—ENE
B33x3E7 I DEDLEFHE (XYEER)
; (2~59212E)

3) FTVEHERDIRE
MBI ARG OEEEE 8
EEEOELDBEN U S ME TN E S

—
4) B[iRBER ] dbviewer
FHELEGZEH THESR |
5) BRRERF LY satedit
GUI (Perl/Tk)
—

*fEMASEE : C, Perl, Perl/Tk(GUI)

This document is provided by JAXA.



AR [AR—AFTIT—2 v ay 7| #Egkes 33

3) NEREREICOWVWT

77 ) BRI DREDEH
1) BROEFRREDREHKE W

HERERICHLTEH
BLEEEDES (158A/M) [IERE~001¥A/# ]
=>EEHRKEELS
=>EEDEMIBOREDKEL LD
* HBIH R EHRFRE(0.1#~2.0%) TR INEEFR

MEREEICRNGL (2009EHE)
2) RAIDREMIERZICHE

BFZIO. 1 MERZE => 1.5/F [1estlL = 18F (ImZES) ]
(BELLENE ET310m)

Vv v Y —HRARROARRELERE (2007FHE)
- O.5WAREOMEAEREIC (FRiEE) 77U
FEDMERE ~0.3¥WA (2008, 2009FHE)

=> #ICCDEA (2009%F1H) BIc> v v Y IcGPStEY Y ZRE

This document is provided by JAXA.



FHMLZEIT e R SRR RE B R JAXA-SP-10-011

sty

l\

avka-=ib
RyoR

il
- 2010£12A118
- EAES  1.0mBES
- TLEK &3 RSy YT E—K
- %3% : MTSAT-TR (05006A)
35,775 x 35,797 km, 0.0°
(FRLEENE)
W5 12.5%EE

FSAESZI  |FRHERRE  [REAAREK
(UTC) (#) (#0)

10:32:34 0.3 25
10:38:46 0.3 25
10:45:17 0.3 25
10:51:24 0.3 25
10:57:50 0.3 25

11:03:56 0.3 25 05006 A D& HlEG (E#HKT S5
11:10:08 0.1 25 ABROSE (600x480) 2 UV
11:16:09 0.1 25 EEOREIGE => XObj

11:22:10 0.1 25
11:28:41 0.1 25
11:34:41 0.1 25
11:40:59 0.1 25

This document is provided by JAXA.



Al [AR=AFT) T =2 ay 7| ek

35

o 4 )\
EAEREDRE N N
— -40 _ \}\'.\ !
HEAEF—5 RS
l g -41 b ‘\\‘:
,;Q F L ] . - .
TLED S Di&E 2 f B
== _ \"\3 oo
1T RDE ﬁT?{ur«zﬁ
43 L 1
* ERH S OBREERDS
[ﬁ%@ﬁ%ﬁﬁ%] = %05_ %Eﬁ%j .0.21[.1'J>ﬁ] =>1ﬁEiﬂUEoi§¥i§ ]
g0_°.°.. * o.o. °*
I I 2.05 . ¢ *
%
ﬁiEiﬁuiﬁgw;E% ® 1‘;.00:00 12:03:20 12:06:40 12:10:00 12:13:20 12:16:40
(RIEBIE DRE) 2
|\ J
ER
.5 BEST (FE) - BES (Rg)
p 0'39 ; * 027 029 024 022 030 026
029 018 027 030 028 o
o [ ] L L ]
0.5 . ° > 2 0.5
SHITHITHHE
= o [} _r’_ = o
Mol 13t g o M
o5l - ’—. o« ! ° . A
" = * o o o °
[ ]
BT 520 028 " 0% 0% !
-1.5 1.5
NEAEREDFE (#AE)

(2010%)
7rfE : 0.28+0.05

7nig : 0.31x0.07

This document is provided by JAXA.



36

FHMLZEITSE R SERREREBERE  JAXA-SP-10-011

¥am
5 BREST (FiR) " BREST (FRiR)
1 »
0.5 . ® ® il R
g Ve ais! P31 ! ’
]
;E“’% ' e ® ' ' g [ ] ' :
-0.58 ° g_: : : ° = P
-1 *
-1.5

NEAEREZEDFY (AE)
(2010%)
#R#E : 0.28+0.05

##& : 0.31+0.07

Vv w4 —GPSE=HIUL
(2007, 2008%)
g ~0.5

Frig . ~0.3

¢

S

v v Y —GPSE=ZYLHLUL
(20074, 2008%)
g ~0.5

g . ~0.3

UBEAERZ=DFI (WA)
(2010%)

I~ifE : 0.28+0.05 '

J~ig : 0.31x0.07

« FIEEFBORERREE ~0.3¥WA
- FIEDREHLHE
vy IREBICED

=>FRZDIBED LH > ==

FFZIERE : 20mP LT
(0.3##/15%A = 0.02%)

This document is provided by JAXA.




Fall [AR—AF TV T =22 ay 7] @arE

4) BEBIBREFDHERE
(BEEEE)

Al

BSGCIC & T3 {EF:ET T J DER

EEREHEERTLE(Two Line Element) IcCEDWTEBREISEXKFZES XD
1.0mE=E D IRENH

BEET 7Y BRI E DB

X : SEHOEARD

[ : LEBORSHER

O : TLEOFHTE
T SEOME

EERIEITLEFHREICEDE TRS
BZIT1 ~T3TEEINS

JERESD = SEgoEabl (X) - TLEFHRUE @)
IERESDEREEORTA

= Rl

This document is provided by JAXA.

37



38

FHMLZEITSE R SERREREBERE  JAXA-SP-10-011

BSGCIC & T3 EFET T J DEH
2006F~20074 : EREhEhDOHE =>

0.1¥WBIcTYI—FEZER - BlE

= WG E

EX &R A

L 600 //# 3600# A/
ixE | 1.08BmsLLT |1.08BrmsLLT
rigEh (2.0 AEmsLLT |7.08¥&rms

=EG600kmiZED
BHET T IETED
BT

1.0mDREFD 1%L T

2008F~20094F : FHEREA

BWEEICR U TREREN (38%)

=>EREROREZRE : ##@7O7 5 LDNT

ARBATEREE (93%) ZEK

= “)
Rk Al & R
#iA:20104£3H25, 26H
HRAIXGFE 12 I :
—_ wma HRE Wil Wi BNl XELOBE
(FE500km~800km) (EE) RSB
2010&E38258] C 2369R 831 x ¥52km m WA W
B2 WHREEE (4%5LLE) . e Ol
SOIEIA 58] Cosmos 1549 530 % 552km 5/5 AEm—IttE |
IS5 . I
FEHEE - 0.1 » (84027A) 0.1scc
2010838258]  Cosmos 1933 568 x 585km 77 M—dt
TLE‘: ck 65&% (RRO204) 0, 1sec
200083 A268]| Cosmos 2369 R 831 x 8352km 1717 BfE—tit®
nnﬁtmﬁﬁvsﬁn (O00RE) 0, Isce
80 T — I0E3P26H| Lacrossc4 R 533 x 64%km T/ Wl
(D00478) 0, 1sec
60 201EE3 268 Metcor 2-1 R B30 x 909km 16/16 iE—m®
(75064B) 01 1sec
01038268 Cosmos 1544 532 x 552km 1212 M—4t
r— 40 - —e— (0006B-1 (R4027A) 0, Isec
M —&— B4027A 03 H26E|  Cosmos 1703 550 x 3T7km 12112 it—+m
!;E 20 | _”_ggggg;-z (85108A) 0, Isee
= —+— 000478 2010%3A26H| Cosmos 1939R | 553 x 6oskm 1212 A1t
SIS —— 750648 (88032B) 0. 1see
—.— g;?g;: 201083 268 Inercosmos 24 R 498 x 2449%km 6/6 T
—+— 880328 (H9080C) i 1see
0 = 0I0F3AE ETS7 385 ~ 493k 14714 HILEW
—— 990398 (97074B) 0. 1see
-40 " : '4 L '2 tI: - ; . = : 2010438268 Okean OR 629 x 65 Ikm 1212 AWM
L N E (990398) i Isee
e A [I5]
- RHHEEI3% (125/135)
=>FKIRHED 1 Xf& (00006B) IFFHIREFTcIFREVWERETSH > IcAIREREDLFL

This document is provided by JAXA.



AR [AR=AFT) T =2 v ay 7| ek

39

= EERBOEAPD - TLEFHRAUE

HEFEZED DR

EREADSAH (10/3/25 ~3/26)

6000

T T T T T T 800 i
B
4000 - 1 | A 600 - ! o LA
“
V. 400 ﬁo
20 T . ™M
% i | | * ‘ . i % 's'Pii .k L
© ol— | ! ¢ - — 200 Ca 1
o . % ! 0.3%E
2000 |- \ [ ol ? 3‘ .
L ]
(]
-4000 - - -200 *
[ | | | _ \ A\
_6000 1 1 1 1 1 -400 1 1 | 1
-6000  -4000 -2000 0O 2000 4000 6000 -600  -400  -200 0 200 400 600
R[] R[]

ERFEDIEFREIZ0.IEEE

TLED FERBREDIHETE

BREXFOEZRELTLEFRE & DED
=>TLEDFHHIRE

RHEXE (2009F£7H)
RIEE : 19K
1887 (&A= 204)

This document is provided by JAXA.



40

FHMLZEISE R SRR RE B R JAXA-SP-10-011

TLED FEEREDHETE
XAGBEOTLEFRENLSOTH
2000 T T T T T T
1500

1000 ' ' =

FE[A]
o

®
' 2
-1000
-1500 : . B
-2000 | | | | | |
-2000 -1500 -1000 -500 0 500 1000 1500 2000
R A]

TLEF#HIREO0.CERE (
=> RO TE S TLEF HEOMHE 7

5)

& FEBEBXE (BREEE) OHEREH

- 1.OmEEEIC & D IBHEFHEDERE Al Z Xt
- EEFEDIEFAREIZ0.IEREE

- TLEF$RIEDRZEIZ0.6EREE

- REDABRBTLEFHREDBEICKT

- BEG600kmEEDOBEHERFE (X FEDER THE

This document is provided by JAXA.



AW [AR—AFTYVT =27 v ay 7] iEEEE 41

EBAR—ZAN—REVI—ILBIFZTTVEHEAUADIRIR

1) BSGCotE= FEH
2) TTVEHADBIE

3) ERERZEICDOWVWT

- FiEEFBORERFAEE ~0.30A
(MLHEHEDSHS)

- RZIERE | 20U T & HE
4) REBEBXE (BPERE) OZERER
- BFEFEDIERREIZ0.IEER
- TLEF#HRIEDRZEIFO0.6EEE
- BE600kmZE OEHERFE (X FEDERE FIHE

This document is provided by JAXA.



42 FHEALZE FERERERE KL JAXA-SP-10-011

TDI E— FIC &k bE1ET T ERADOEA

OBMNE—ER, KA M, BElE (BARR—2 T — D),
HEFHE (BN RKXAR), LEEER, FEELF. REAR, 28— SIRES, 5l E JAXA),
Hf & (BARFEHZ7+—7 D)

TDI (Time Delay Integration) 5= iki%, L7235 CCD OEMERLEEZI TV, BEI T 2RI ROME - F
MK L CRAMTREHE L — BRI HZLIC 0B G4 RICIRG L BREEZH T a5t~ HL A Ths, TDI
TR CORICBINTE T EimdEs it [EEO B EEEICH O THEMAS | _@ﬁ:ﬁmﬂé%ﬁo —J7 . ##lk
?“7“9&i‘rE;i@iiﬁ@J&:ﬂbff%t%iérﬂ%l:%@m“é@ﬁ TDI RO LT 7 VBN CIE, LiEsEid B JEE
A bECHEZBRESYE, %ﬁriﬁ%ﬁ%&#%ﬁﬁ SHIZA)->TH H@%ﬁ@iﬁfiﬂ:lﬁl,ﬂ;ﬁéﬁé:kczw\ 77
ZRBICRE T2, #rikT 7 UBIINC W T, RiESIA F LS TRE 7585 6 &b~/ TDI £ —REBLlD AU vk
I, BEENFICKER EORICEHFTZ RO 028 HU L EREH T — 22 BfS c&, REFZEH ClEES
PMERTLESTHT ZUVDNERENTELIETH D, DIVDOIUIERAR—AT =R ¥ —1mPEmsis A
T. TDI E—RIZ LA L7 7 VB OB ZMEIC DWW TRl 21D TV, FOFERIC W THE T 5,

TDIE—FKIZ&D
EpIET D UERDE A

BAHE—ER, IRA 8. SEHE
(AARRAR—RA—FHE).

':F'E?’:E%(Elﬁfiﬁﬂ

TRk, EFEEF. nEHER, 28 —1E,
PR&E R, T E(JAXA)s

B F(BARFEHEI+—L)

2010/12/16 FARIRR—R T I T—92avT

This document is provided by JAXA.



BANR [AR—AF 7YY =2 ay 7] HEks 43

ERAR

TDIE—FKIZDLT

— CCDIZHIFTAHEREREIZDULNT

— TDIE—FERIZAIREICT D&M
TDIE—FEZR DB, FEDT—201E
— (L& A E B

— Image Subtraction;x
TDIE—FEREITOFI =
BEERAZE DT I)ADX I

o RARFHKETM
o MDEAFE(EREHEE) EDLE
2010/12/16 BARRR—ZFTYT—HayT

TDIE—K&EIE?

« TDI(Time Delay Integration) &1&.....
I LGN BRIEREZ T, —ERE
TRIITLHIRNROBENRE -FRIZKL
TCCONEMEERE - HFRZEZ—HSE
HIEIZKY . BEIRRE RINICREL.
= RELGEHBZTAEEICT DR ONFIRE
A LA,

2010/12/16 FARIRR—R T I T—92avT

This document is provided by JAXA.



44

FHMLZEISE R SRR RE B R JAXA-SP-10-011

CCDIZHITHERERIED LLHA

CCDTIIERMERE (LW d/A Y1) L—) I2&Y
HAHLETS

- INT LIV ARIDERE
- 1) 7 IV A RIDERE

2010/12/16 FARIAR—RTFTI)I—=Hi 39T

CCDIZHITHEBRERIED LLA

Y TFIIERERFCCD B - NS LIEREBECCD
|
/ |
-—
> H
u H
7
J HO
L
=
5 HA
[a) 1
) ::
|Q — NS UIIEREXEAR

EE
5
\J
N
N]

This document is provided by JAXA.



AR [AR—AFTIT—2 v ay 7| #EEkes 45

CCDIZHITHERERIED LLHA

Y TFIIERERFCCD B - NS LIEREBECCD

N

Mg | ! T
gy | [ |
- [
v H
s H =
7
I
i |
-3 o
i
E o I
!
_I
H g | \
T_I | ]
4 — ASUVIEEAR
wh7 7

A LETDIDELD

DA HEL—IIT R

’vu’;‘l B — (BH)— Vv yA—F—EfinE

. E3 5 E3
Ty R— o o .

AL (BR1X) o

L 4

v

TDIDFHAIZLY—IIT VR
Dy S—B - BRI E s Be - (EfinELas o)
— Uy ya—B, BIEmEE A

. 3] 5 3]

Ty R— N > * °

AL (BEiX) ® >
2010/12/16 FARMAR—RT I T —HayT

This document is provided by JAXA.



46 FHAT 2SS B SSHRE R I &R JAXA-SP-10-011

TDIE B Z R REIZ T B = D EH
BERAS SRICRIGESHIE

a. \NSLILAR (REEHAR) DERMEEREE
RIEDBHREN—EIT DL

b. YUFZILAR (FEILARD)IZKENZEILLGNE
B E - FRREE

(REELEEE. HT LU ESAERE)

a. INTUIVEREREDRHE
—CCD#HI|HD =Dy I{EESEEEL.
#ﬁﬂﬁrﬁp—ﬁ_@%;ﬁ%ﬁ

b. CCDDEIEEA DI
SHEIXEEARIZHRE

2010/12/16 FARRAR—RATI)T—HSavT

RADENE EFRETT R

BEBEDTDIRAER | | #3177 DTDIE A

H
BBRNTOESE .
gB%IETIDEE | 5 W
*k—>
X——> -
o 2imik (RE) (X
ESESER IS {52 L3t AEEE
CCDhm — —
E _—= W |E = W
855 [ — —

2010/12/16 FARIRR—R T I T—y2avT

This document is provided by JAXA.



EAR [AR=AFT TN T =2 ay 7] #FHEEE4E 47

TDIER B E{&

2010/12/16 TDIFEI 1%

it
_‘}!ﬁ;f
Hi
r;lHE
I;IHI-
WL
S
=

EFRETRT DL T 7.
£ EREEROFRILET IR, BRYIFIRA,

2010/12/16 FARIRR—R T I T—y2avT

This document is provided by JAXA.



48 FHAT 2SS B SSHRE R I &R JAXA-SP-10-011

LL]

TDIT—2%5 8 DT —2 U1

- A E R EEROF A
- REFERZEHTHLTIVDREREZRREICT B,

2010/12/16 FARIAR—RTFTI)I—=Hi 39T

TDIT—%

2010/12/16 TDIE{&

This document is provided by JAXA.



AR [AR=AFT) T =22 ay 7] #HETHE 49

NEAERT—2

L N fr—]
2010/12/16 11% AIE AE#

LL]

TDIT—25 8 DT —2 U1

- Image Subtractionj%

- BERRIETDELFIZEETHEIZKYRBER. 7ovk
HEDCCODEHHEEFvyILL, BHEEEKIZHT S
S/NEbZFR] LS BEELITIRBMER LEE S,

- B CTRELZERR T T EEEZRRINIE. F
=NEXEL. BBXEK(=TI1))BEXYFS/NT
R TESAEENH D, T-. EENDELTELSHI5
ETHRIENTREL LD,

2010/12/16 FARIRR—R T I T—y2avT

This document is provided by JAXA.



50

2010/12/16

2010/12/16

FHMLZEITSE R SERERERE B R JAXA-SP-10-011

TDI Image 1

FARIAR—RTI)I—Hi 39T

TDI Image 2

FARAR—RTIYI—H3vT

This document is provided by JAXA.



AR [AR=AFT) T =22 ay 7] #ETHE 51

Subtraction Image
(Imagel—Image 2)

2010/12/16 FARRAR—RTI)IT—H2ayT

TDI A DO F =

c BEDTIVEBAE
EiREFRIE or TOVDBIETZERE) AT

ROEHENTTHRERENTED,
(Image Subtraction;% & A .
MERERT —XDORFIZEKY)

!
FYBELN(=KY/INESLY) TTYE TR ATEE,

2010/12/16 FARRAR—RTFIT)IT—92 39T

This document is provided by JAXA.



52 FHTA 2SS B SSHRE R B &R JAXA-SP-10-011

hesLoa—rF—42—(Z&Y
HEANSEEL DT TS

| TDIE— FEBAT B LIk YBEEMAZF OHLHEMEDT I REBIZER.
BiLFTY . : : o
(RUIAES?) . e
"'1-__‘_-‘-

\\
MEFTY . ; = I S

ﬁ!ﬁ!i—# TD &~ TD I £— F +EliHsE

1% tH R SR 0D 3%

TDIE—RCEIETITUDEBAT—2Z% 1S
BRAEDHhHM > TR E(IEEE) L

H AZE LR

T 7V DAL EIAVMAIFHE L ThH S H T
B ETTI)DSINLEEZEH
SIN=5t135B53ZEH. chz
[RRET S

2010/12/16 FARIRR—R T I T—92avT

This document is provided by JAXA.



AR [AR=AFT) T =22 ay 7] #ETHE 53

1% tH R SR 0D 3%

- FER
60FERHH D, BRAFHIIH KL E18.7F

2010/12/16 FARRAR—RTFIT)IT—92 39T

This document is provided by JAXA.



54

FHMLZEISE R SRR RE B R JAXA-SP-10-011

fth DER RN 773k (5

ED LEER

ERENEIE)

L[] FRALENE | RHERSR | B
F—N\—~vk {ERAE~D BIE
(XTBFREIZNER) | XTIt RE
EhabhtE X @) O ?
TDI @) X @) ?
2010/12/16 FARAR—RTIYI—9 a3y

au

« TDIERAIEIE
—CCONERIEREZBRBMADEEICHDHE.
BRELGEALBHLTT —2ZMEI5FX

« TDICS&KBFFIETTUVBADF =
—>RUVEHTLREREMNATRE

o BLBIERMADKENFHLT IVICEHXIIEETEE

« BSGCTmIRTOEHAITIL, 18.7FREED
T 7V F TR AT RE (60FVEE HI)

o MAGEBRKE. RLISREDEAIZHAAATFE

2010/12/16

o))

FARIAR—RTFI)I—Hi 39T

This document is provided by JAXA.



EAR [AR=AFT TN T =2 ay 7] #FHEEE4E

TDI E—KRIZ kA5 T &R D &

BAHE—"-RK 2" -SBHERM " -hBEFE P -Tikex ¥ -EEETF O -

MEERR O -8 Y -UUREE -F)N B Y -BH

#

" BERAR—ZHA—FHE.? BMLRXXAE. YIAXA. Y BRFEEIA—I L4

Geostationary space debris observations by TDI mode
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Abstract

We are attempting the observations of geostationary space debris using TDI mode. In TDI-mode
observations, the positions of geostationary space debris are able to be measured even if field stars
appear as long horizontal streaks because of a long exposure. To make the best use of TDI mode, the use
of the “image for a positional measurement” and the image subtraction method were examined.
Detection limit for TDI observation was evaluated, and limiting magnitude is estimated to be 18.7 (60sec

exposure, S/IN~5).

Key Words: TDI (Time Delay Integration), GEO
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Multicolor photometric observation of space debris
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Abstract

Some wide-field debris surveys have recently discovered debris with sizes of several ten cm

and determined their orbital elements.However, their materials, shapes, and rotations still

remained unclear. The luminosities of many debris change by 0.5 mag or larger over different

spans, and then their simultaneous multiphotometry is essential. We perform simultaneous
multiphotometry for a rocket body, 71006B, in three-bands.
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Observation of the Russia offer orbital debris by the Stacking method

Hirohisa KUROSAKI

and Toshifumi YANAGISAWA

Abstract

We observed the small debris that Russia had made a catalog. We observed the area based on the orbit with
the optical telescope of the Mt. Nyukasa. The search for the debris used the debris detection software that JAXA
had developed. The first stage detected the debris by the Line-identification method, and detected bright debris.
The second stage used the debris detection software of the stacking to detect the faint debris that could not be
identified from the image. Five debris of eight debris were detected as a result of searching for the observed

debris from the motion of the prediction.

Key Words: Space Debris, Observation, Telescope, Detection, Analysis
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Fast Analysis Methods for CCD Images of GEO Debris Observation

Toshifumi YANAGISAWA, Hirohisa KUROSAKI and Naoyuki FUJITA

Abstract
JAXA is developing analysis technologies which is able to detect faint GEO objects that are not on the catalog
provided by U.S. The stacking method is developed and shown to be useful for detection of faint objects, so far.
The method has the disadvantage that is time-cosuming to detect objects whose movements are unpredictable. In
order to overcome this, a FPGA boad system and some new argrithms are developed. In this paper, these are

described.

Key Words: Space Debris, FPGA
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Background

AFAOAR T T OWEY RS DFF T~

Extraction of |4 Design |
i | risk components change |
S fti M&D EP babilty of Al t test
pacecraft |: . . | Probability o mpact tes
orbit * environment _' spacecraft damage<<- Impact analysis
. [model | |
. |Risk Reject
assessment | Countermeasures
i Evaluation of Acctept
Orbital plan . Space | .
: i Environment  An example of risk assessment flow on a

& design

spacecraft design

=R B BRI K HEA R

ity pact experiments on electric

Power supply | Projectile Proje‘j:tile Impact velocity | Result

material diameter (um) | (km/s)
60V/2A Al 600 3.97 sustained disruptive discharges
100V/3A Glass 500 4.35 sustained disruptive discharges
100V/3A stainless 300 4.01 sustained disruptive discharges

Before impact After impact

Reference
JERG-2-144-HB001 *JAXA Space Debris Protection Design Manual Appendix 2 °
(published by JAXA, 2008)
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Background

A

ATAOAR & T TYDERY A OFF TR~

Extraction of |4 Design |
i | risk components change |
S (M&D i bability of | t test
pacecraff |: . . [\Probability o mpact tes
orbit * environment _;'\g)pacecraft damage N Impact analysis
\.|model s |
| . [Risk Reject
| Countermeasures
assessment
Evaluation of | v
= Accept

Orbital plan | =Pace ; _
& design :  Environment ! An example of risk assessment flow on a

spacecraft design

BHETILICLBERISYIREEN

4 s

4 10 —— : ORDEM2000
| 4 ==es= : MASTER2001
—=—: MASTER2005

Table 3 Specifications of ALOS “? = 10" - [ :
2 ETILEDOERKX
Launch 24 January 2006 % '+
Lifetime | 3-5 years v
Satellite body 6.5 x3.5x4.5( m) ;__'ii 103+

Size
Solar array paddle 3 <22 ( m )

Sun synchronous sub recurrent -
Orbit Altitude 692 ( km ) 10~ -
Inclination 98.2 ( degree )

IO-? 1 1 ] 1 1
1077 10 107 1072 107! 10°

Diameter ( m )

Fig. 5 Flux against diameter in the ALOS orbit

ALOS(I=Lv6 DELEDERISVIR
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REMGTIVEBEBETIL(ISVYHIRETIL) O LLEF (FEE A - 1108)

[77:NASAMDORDEM?2000, #&:ESAMDMASTER-2001. & :ESAMOMASTER-2005]
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MASTER2005 ———
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g
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> 1 mm MASTER2001 ———

MASTER2005 ———
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1EEE
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T —
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I
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MPAC&SEED (JAXA)
300 T T T |
1 um 10 um 100 um T mm 1 cm 10 cm

debris validation sources in LEO

®

)

Schematic view of availabl
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Technical Issues

Technical issues"'_r-garding dust particles
(meteoroids & space debris) of approx. 100
micrometers to several millimeters in size

1. Depending on the size, impact may
damage the wire harness and other
eguipment

2. Space debris flux (number ) for the
size range not well known

HEEXEOF X (BREHKDHSHX) EORHMTEEED LS

/ A= (MOS) /

EEtrUHEIERE)

4 FSXTEH
// (% :GALILEOZ DT> H L £ RE)

I HBEE(ETVD)
: (3% :DuneXpress®Dust Camera 2185
———————————————— 1 ZRE)
F/352—A T (PVDF) |
(% :STARDUST# &t : ]
HHLERE) G o R )
- T--T-TTTT T T T T T T T T I
| EBRCTHARILZARX |

Tym 10um 100pm imm FALDKRES
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FRER VY ICHT AEET I DBEEEEHEAER
(2010£42H)

(o9 mE > X:10cm x{0cm. £ 25pm)
ZEBRBEHREFE(SASIIAXA) '
FREDILK

(RHEDAS: 50um)E

Kitazawa et al., 2010 10

FEE12.5 y mOD#EF %D EE (RA 13
JUL) EIZ, #9100 4 mEyF THIRVER
(KE:50 um, # 5 : ) D/IZ—2EREL

(1 (a)) o

Detecting Circuit

(2) sHAIRE
BROWMEZEIWICRIT S LITKRY,
FALDER(RB) 1R,

BEL-EROK. BROWE., EvFHds
(a) Detector strips on a thin film Z Fw ﬂ.,rx‘%%l.iﬂ“ (@ 1 (b)) o

I I I ) I%I (3)FHBIX R &HRIEH
EHRIRR  HE100 u mBLEDF X
(b) A strip is severed by a debris " E-I-iﬂIIIE E : ﬁx F*ﬁﬁs ﬁ%ﬁg

Fig. 1 Concept of the detector (%ﬂﬁ&zj@*ﬁiﬁ(:ﬁgﬁ?é:&(:;l’), 9,%
OEZREE - A+ EHEIFTEE)
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Stability during sensor performan
evaluation ;
‘ No loss of terminal area.

ce

Yield rates for sensor’s conductive
strips

% 100 %

Data (severed signal) discernment

‘ Signal discernment certainly possible.

Sensor films Detection
| Circuit units | The mass of the data acquisition
circuit
Total mass of sensor unit: 160 g
cf. FY2008/09 model: 470 g
(without wire-harness)

Total mass: 160g

Sensor material: Cu-coated
polyimide film

12

—_—

LIERE —

4 BRI B £ 622 RO BRI T B BT A R M
7, HREEIRYZCIEISEY BT IEED
b B2 AME (SR IEEERBHIRL) HYAT RE

. %ﬁfﬁ@t“/"ﬂ%iﬁ(%ﬂﬁ“@ﬁﬁfﬂﬁﬁ)’&ﬁéﬁq
9 HECKY ., KEmiEE. B=1b A Al 8E (e i
SDHER)

s EEDEYTIEFHARETHOI-5BE (KES:
100pm~#mm) DX A ETBIANAI BE

« FEEFHR, AREHRICE I DRI ER T H1=H.
MEICISCE EFETRI A AT 8E
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Hypervelocity impact experiments on sensor
(February 2010)

Prototype dust sensor
Vacuum level: <5 Pa
Temperature: Room temperature

Two-stage light gas gun (ISAS/JAXA)

14
() C C Ci OI1'10 U

Environmental Vacuum level (Pa) <5
conditions

Temperature Room temperature
Impact conditions Projectile material SUS304, Glass

Projectile diameter 50 - 516

(um)

Impact velocity (km/s) [1.9-7.0

Impact angle (° ) 90

(vertical to sensor surface)
15
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Example correspondence between

signal and perforation hole

oy

“

T T BT Projectile: SUS 309 ym
Impact velocity: 4.65 km/s

A -

Example perforation hole
on sensor surface

Signals of perforation holes

16

Experimental results

- Projectile dia. vs. Perforation dia. -

I
Q700
£600f D, =5.51D" =
e (r = 0.99)
E 500
=400} = =
=)
EBOO _ SuUS

L
E 200+ I
= mGlass
5100 [

©
o 0

0 100 200 300 400 500 600
Dia. of projectile (um): Dp

SUS and glass projectiles travelling at 5.2-5.3 km/s 17
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Dia. of projectile (um):Dp

8

0

(=] P g
8 8 8
— T
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Experimental results

- Projectile velocity. vs. Perforation dia. -

5500- ° o
v 3
e 4 L

2 40 s .3

S 300 |

[ D,, = 9.82V, + 360.4
S 200 (r=0.46)

(D)

2100 |

o

4 o .
o 0 1 2 3 4 5 6 7 8

Projectile velocity (km/s): Vp

SUS projectiles with diameter of 309 um

18

Experimental results

- All data -

All experiment data

Dp=1.39x10"1 D, 28
(r=0.98) . s

DH(Maximum} =np+ d+ p
DH(Mfm'mum) = ﬂp‘l'd_p

Dy: dia. of perforation hole

0 100 200 300 400 500 600
Dia. of perforation hole (um): D,

Dia. of perforation hole vs. Dia. of projectile

700

n: number of severed strips
d: width of conductive strips
p: pitch of conductive strips

(n: number of severed conductive strips)

19
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Experimental results

700.0 ""‘l' 5 i d 1 pyi28
=y . = 120 107 nn L A 1 »nileco
i r ~ Pl Maximum) et U AR UL LA L I 250
l bt | a y L1 2n
6000 i Ny . W= 130,10 L e | AV1.L0
% Y _‘ L pP{Nominal} 13FHIU I T Wy
» L ) L A

2
o

A L — 1an.1n
Bl Minimum) — 12751V I

500.0 |- "'l i..ll
400.0 Py "*H
" i.!l

Estimated dia. of projectile (um):De

| pl"l S
2000f ¢ ebris size and
{ ‘ ‘ ."d » measurement error
100.0 , are accurately
0.0 I’ . | estimated.

.fi"i hlz

(n: number of severed conduct|ve strlps)

20

Study plan for FY2010/11

Design & manufactur ' BBM model
® 1 unitare: 35 cm x 35 cm

4

e Space proven manufacturfe methods and parts

2. Envirment tests on a BBM model
® Thermal-strain tests

3. Conduct hypervelocity impact experiments on sensor
® Oblique impacts

4. Mission planning (case study)
® Effective measurements using small satellites

21
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Example application on satellite

Dust sensors mounted on
rear surface
of MLI's first layer

)

Debris particle

INIFEICKDETRIRY T—0 DB

/ .
WINTF I FBEEBIEET 3 EOENE/STA—4
Sensor (ex. ASATIZ &k ZEBIEZ{L, EHEENE=4, )

\ (J\IR, 20091=&3)

Separation
Mechanism
Flange

Real time dust measurement
network using small satellites
Kitazawa et al., 2009
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s

Prototype model of dUst sensor successfully manufactured.

4
@ Stability during sensor performance evaluation: Stable
@ Yield rates for sensor’s conductive strips: 100%

eData (severed signal) discernment: Certainly possible

@ Total mass of sensor unit: 160 g (Sensing area: 10cm x10cm)
cf. FY2008/09 model: 470 g without wire-harness

Dust sensor performance evaluated by hypervelocity
Impact experiments

@ Projectile diameter estimated from number of signals from
severed strips .

24
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FHREICEDVATLADEE
(AH=ZXLERR)

T5X< TS SR F hiE R+ LR XER MEOAR . 777
(IR1) (AES,APS, (MSIS) (MASTER2005

L |-

HE EHIRG. SEU s . k
(MUSCAT) ﬁ{ﬁjﬁ% ((CREME96) KEZE EZ
l l (AUTODYN)
BRSOV  CBFEBOLE THIS—  chLY . B, K J—
ERHAET kB0 E&/X CRERT *H‘J%ﬁ?%m R
-i8ts ABERELD YATLEL ‘ﬁz‘-%@s?b ERLR
%l [EIREE av4s

FEEDRAERETHUDEE

38%

Solar array ) Battery
panel 11%

Trancepnder

disorder Antenna Propulsion

(degradation) SEU: Single invent upset system
Satellite obstruction A ratio of incidence of earch
by space environment part on satellite

(Total accident no. is 326 /1973-1997, Koons et al.) (1998-2004, Frost & Sullivan Co., Ltd.)

Electronic
component
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Whipple AU R—[5H#BICEAT2BER
ORIl 3% (CTC)

A= AT TV B CREERERY 72 B 7 R L GRS IL T D Whipple 3 —/LR (%, Harvard KK LHO F
L. Whipple 73, 1947 4FIZ The Astronomical Journal FEIZHF L7z, NP HIZHTm 2720 “Meteorites and
space travel” W \IFLEHF AR ET %5, Whipple 232D LTIk 7= ZOFEHMNIIN T T A —F DB E RO TR
FIMEDE ST HE, AR R IR B LUTAA AR EL D, | EWVIFLAR I, SEE D 20 km/s 128 K5
meteoroid D AIITE TH LA, 2 Bexl A AFREIC LD Hi B Ol CE 58135 ~ 8km/s [TEE T, A4
{BIZB AR TRUERET DT ED 720, UL, 1960 FAROM KRR E 2L L BRORE R E BRI HAL, £
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DWTHIBIZL, 5% DI AT AOMFHIE THZEN TEIULENTH S,
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Fig.1 Ballistic limits for equal mass monolithic target and
Whipple shield (by E. L. Christiansen).
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F Challenging Tomarroy

General Concept of Ballistic Limit

v Changes

DEFINITIONS OF PERFORATION AND PARTIAL
PENETRATION FOR DEFINING THE BALLISTIC LIMIT

ARMY PROTECTION NAVY ‘
BALLISTIC LIMIT BALLISTIC LIMIT BALLISTIC LIMT Va
i PARTIAL H e
:PENEFRATION | PARTIAL e 6in -
I i
[, S 1
T ey U .
PENETRATION COMPLETE 2 I Vio \/I
; [tig’ A Fig.2 Typical ballistic limit curve.
'.{ © |
b —— I S

J

WITNESS PLATE/

Fig.1 Various definitions for complete and partial penetration.

(Ed.by J.A. Zukasetal., Impact Dynamics, Krieger,1982.)
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Origin of Whipple Bumper Shield
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F Challenging Tomarroy

No. 1161

Whipple, F. L. Meteorites and space travel.

Meteorites represent a potential hazard to a
pressurized space vessel, Of fundamental interest
is the value of the probability that the skin of the
vessel will be punctured by a meteorite. In case
this probability is appreciable the problem of
protection from meteorites becomes important.

We shall assume: (a) That the space vessel
travels in a part of the solar system where the
meteoritic frequencies and velocities approximate
those at the earth. _

(b) That 4.5 X 107 fifth-magnitude meteors
strike the earth daily and that the number in-
creases by.a factor of 2.51 per magmtude fainter
(Watson).

(c) That (with Oplk) the total kinetic energy
of a telescopic meteor is 1/0.0006 the energy ob-
served in the wave length region from 4500:to
5700 angstroms.

(d) That the penetrating distance of a meteor-
ite into a solid is equal to-(extreme assumption)
the length of a right circular cone of 60° total
apex angle the volume of which in the solid can
be heated and melted by the total kinetic energy
of the meteorite.

It follows that a spherical space vessel of 12

©2010 CTC

1947 THE ASTRONOMICAL JOURNAL

A31%

feet diameter covered with a %-inch steel skin

‘will be penetrated by a meteorite corresponding

to an eighth magnitude or:brighter meteor at a
rate of once in'50 years. Such a meteorite weighs
approximately a milligram. For thinner cover-
ings the probability increases rapidly.

Although the probability of meteor penetra-’
tion is small, a simple protection can be provided
other than by the avoidance of known meteor
streams. Considerations of the conservation of
momentum and energy show that when a meteor-
ite collides with a sheet of thickness comparable
to the meteorite’s diameter the result is an ex-
plosion in which both the meteorite and the cor-
responding material of the sheet are vaporized
and ionized at very high temperatures. Hence a.

“meteor bumper'' consisting perhaps of a milli-
meter-thick sheet of metal surrounding the }-inch
skin of thé space vessel at a distance of an inch

would dissipate the penetrating power of meteor-

ites several times larger than one corresponding
to an eighth-magnitude meteor.

Hamrd College Observalory,
Cambridge, Mass.

The 4th Space Debris WS 3
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Sorry! To use Japanese only here.  €TC

Summarizing the paper in Japanese:

F L. WhippleldXXEEEL T, HBMON T -HRAEECEINT,
ABELRKBERANEFERITI SERICIE.

1) BZ6.4 mmOMAREEHBBNOLSH, EE3.7 mOKRBFHERERE,
2) 505 (C—EDFEETMgA—F —DmeteoriteREHBBREHET 5.
3) IO FERZEIRT HLUNEHARNBE,

4) EHELIRLT—OREFUIS, ENBBROESLRAEEOEED
meteoriteMERLI-IEE . RETHSBEDT=-HIZ, [ULHLLITAF>

EARE, @

“meteor bumper” [FE QB EB|/ZJEN525.4 mmiRIICERESET=.
ES1 mmOEBHEMNSEESTHAS,

©2010 CTC The 4th Space Debris WS 4

Subsequent Progress of Whipple Bumper Shield C-rc

EMOCK FRONT
N PROJECTILE

7 KM/SEC —
1.016 mm NICKEL SHIELD g

W) [ wamstavcroer  } | i i1 ]

o 2 o) = e @
! ,‘ "‘i; Schematics depicting (a) the impact onto a thin bumper
plate, (b) its penetration, (c) the subsequent formation of
spallation cone, and (d) the loading transmitted by the
cone to the main structure downstream.

Fig.4 X ray of thin sheet impact. by C.
J. Maiden et al., GMDRL, 1965 T. D. Riney and E. J. Halda, AIAA Journal, Vol. 6 No.2,
(NASA CR-65222) pp.338-344 (1968). [Reprinted in "R. Kinslow (Ed.),

HIGH-VELOCITY IMPACT PHENOMENA,
Academic Press (1970)"]
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Whipple Bumper Shield for Apollo_Prog

Modified (Optimum) Cour-Palais Equation

AR
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MoltenAluminumProjectile

5 4 MoltenAluminumShield-
o GlassProjectile
~ NoMolten AluminumShield-
ale GlassProjectile
= Che (tg/d) "
E [} FOR SHIELD
Sl MELT LIMIT
ole —
=l H{ =0.04 H
Aoz F "\ . (t./d)
7 FOR ALUMINUM
F PROJECTILE MELTING
\
0.1 =
OO ] 1 | ]
0 5 10 15 20

Theoretical shield optimum t/d ranges for melt of projectile and bumper.
(B. G. Cour-Palais, Int. J. of Impact Engng., Vol.23, pp.137-168, 1999.)

Impact Velocity (km/sec)

__——

Apr. 30 — May 2, 1969.

B. G. Cour-Palais, “Meteoroid Protection by Multiwall Structures,” AIAA
Paper No. 69-372, AIAA Hypervelocity Impact Conf., Cincinnati Ohio,

©2010 CTC

SHIELD THACKENESS /.
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(,78), av'3/3 OO miEY)
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Optimum t/d (projectile completely molten) versus impact velocity.
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Optimum ts/d (projectile and shield completely molten) versus
impact velocity.
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“Buckup Sheet” of Whipple Bumper Shield CTC

(ts+Tg)/d
53

Modified (Optimum) Cour-Palais Equation

[ Theoretical Semi-Infinite=2.3p/d

2F O GMDRL Data
@ VScC Data
S T
5.3 i
0lz - L I I | \I\' 1 >
0 1 2 3 4 5

Fig.6 GMDRL double-wall shielding spectrum for Al 7075-T6 at 7.4
km/s. (B. G. Cour-Palais, Int. J. of Impact Engng., Vol.23, pp.137-168,

1999)
Originally published as:

B. G. Cour-Palais, “Meteoroid Protection by Multiwall Structures,”
AIAA Paper No. 69-372, AIAA Hypervelocity Impact Conf., Cincinnati

Ohio, Apr. 30 — May 2, 1969.
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PERFORATION \
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MATERIAL 2024-13
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*

PETALING DAMAGE
\ ;

® NO PERFS

m VERY SMALL
RING PERFS

4 PERFORATION
+2 cm DIA
HOLE

NO PERFORATION
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Rear sheet thickness versus ts/d of type 2024-

T3 aluminum alloy.

(B. G. Cour-Palais, “Space Vehicle Meteoroid
Shielding Design, Proc. Comet Halley Micro-
meteoroid Hazard Workshop, ESA SP-153, 85-

92,1979.)
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Ballistic Limit Equation (Curve) CTC

F Challenging Tomorow's Changes

After Apollo Program:

New Cour-Palais Equation
Modified Cour-Palais Equation :>

(Christiansen Equation)

y P
\ d‘ tS| S = constant 08 b failure” occurs above curves
0.7 - Whipple  d, @ O deg
o t,, tg, S = constant « - - = monoithc 4 @ 0 deg
g 8™
LT & 05
/,—-"C single wall £
5 - o 04
- E T z
7 4 3 0.3 Ballistic Limit Improvement due
-~ t, S and constant ' -] to ShieldStandoff
T — O 0.2 g Adeg
s - —
-’(/ 0.1 B
double wall o >
. 0 2 4 6 8 10 12 14
\F@S’igﬁy Ballistic Regime Paﬁﬁvg;asggiﬁe Complete Melt Regime Velocity[km/s]
=3 =7 - —— L : ; ; Lo ] . *
I L State of Debris Cloud FewSolid ~Many (increasing with Finedroplets, fewsolid
';‘7_&_ (for Alon Alimpacts) ' Fragments velocity) solid fragments fragments, somevapor
I I & liquid droplets
Important Shield& Bumper strength )
- istic ——— EE i ion. i i density, EOS, thermal Bumperdensity, EOS
ballistic shatter ———— hypervelocity region Materi Probperties. Strength characteristics Standoff

Rear Wall Strength
Rear Wall Strength

Fig. 3 Behaviour of the bumper protection concept.  Fig.8 Ballistic limits for equal mass monolithic target and Whipple

(H.-G. Reimerdes et al., Proc. 1% European Conf. on Space shield. (E. L. Christiansen, “Meteoroid/Debris Shielding,” TP-2003-210788,
Debris, ESA SD-01, Darmstadt pp.433-439, 1993.) NASA, 2003.)
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F Challenging Tomorow's Changes

Debris Cloud Formation: 500 to 20,000 m/s CTC

Projectile: 2024-T4,
Shield: 6061-T6,
Back Wall: 7075-T6;

! i i y . r . Perfectly
d=10 mm, ! 5 ; ; ) ; 7 Vaporized
t,=2 mm, 3 4 " 4
tz=5mm,

S=50 mm, :
10000 mis i
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Debris Cloud Formation and Penetration Process

in the Whi

CTC

le Bumper Shield (1); no shock-induced vaporization s st

Debris: 10 mm¢ Sphere, Bumper Thickness: 2 mm, Standoff: 50 mm

1 to 6 km/s by every 1 km/s

AUTODTHNID 6.1 bien Contury Dymassics

Impact velocity: 1,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 basm Contury Dpnterecs

Impact Velocity: 2,000 m/s

Back Wall Thickness: 5 mm

ALTTOGYNID 461 basm Contary Dysarrees.

Impact Velocity: 3,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 basm Contury Dpnterecs

Impact Velocity: 4,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 baem Contary Dysarrees.

Impact Velocity: 5,000 m/s

Back Wall Thickness: 5 mm

ALITOGYNID 461 baem Contary Dysarrees.

Impact Velocity: 6,000 m/s

Back Wall Thickness: 5 mm

©2010 CTC
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Debris Cloud Formation and Penetration Process

in the Whipple Bumper Shield (II);

10

CTC

shock-induced vaporization e e amse

Debris: 10 mm¢ Sphere, Bumper Thickness: 2 mm, Standoff: 50 mm

7 km/s, 8 km/s

AUTODYN-2D %6.1 from Century Dynamics

Impact Velocity: 7,000 m/s

Back Wall Thickness: 5 mm

AUTODYN-2D 6.1 from Century Dynamics

Impact Velocity: 8,000 m/s

Back Wall Thickness: 5 mm

©2010 CTC
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Debris Cloud Formation and Penetration Process
in the Whipple Bumper Shield (111); shock-induced vaporization e s e

FH AT FE R SRR R JAXA-SP-10-011

Debris:

10 mmé¢ Sphere, Bumper Thickness: 2 mm, Standoff: 50 mm

10 km/s, 15 km/s and 20 km/s

ALTODTNID 6 1 e Contury Dymises AL |l Cantury Dyniacs

Impact Velocity: 10,000 m/s Impact Velocity: 20,000 m/s
Back Wall Thickness: 10 mm Back Wall Thickness: 10 mm
Tillotson's Equation of State Tillotson's Equation of State

ALTODTNID 6 1 e Contury Dymises

Region No.  Materail Phase
. Hugoniot | Compression mode in solid phase
Im pact Velocrty: 1 5, 000 m/s " Expansion mode in solid phase

1 Solid/gas multiple-phase
v Gas phase

Back Wall Thickness: 10 mm

Tillotson's Equation of State

Thomas-Fermi theoretical
EOS
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CONCLUDING REMARKS CTC

1.

2.

3.

Reviewed a series of the ballistic limit equations (BLE’s) for the
Whipple bumper shield which were developed experimentally
during the Apollo program and improved mainly in the latter half of
1980’s at NASA/MSC /JSC.

Although the shatter region of the BLE’s looks eccentric at first
glance, the fundamental mechanism of the BLE’s was clarified and
depicted by the present numerical simulations

The BLE’s are empirical equations derived from the vast amounts
of experimental test results at Ames, GMDRL, MSC, JSC, etc.,
however, their various coefficients are not always evident, although
not shown here individually.

It is of great importance to comprehend the essential concept of the
BLE’s to be developed, in order to develop new equations for other
purposes, as well as to apply existing BLE’s to current problems.

©2010 CTC The 4th Space Debris WS 14
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Investigation on the Ballistic Limit Equations for the Whipple Bumper Shield
Masahide KATAYAMA "2

Abstract

After reviewing the historical background and the design concept of the Whipple bumper shield that is

regarded as the most standard protection system at present for the space debris impact, this paper discusses the

mechanism of the protection process of the Whipple shield and its ballistic limit equation (curve), referring to the

experimental and theoretical works conducted in from late 1950’s to 2000 in the United States.

Lastly,

hydorocode simulations by AUTODYN clarify the mechanism of the protection capability of the Whipple shield

visually.

Key Words: Ballistic Limit Equation, Hypervelocity Impact, Meteoroid, Space Debris, Whipple Bumper Shield
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DEFINITIONS OF PERFORATION AND PARTIAL

PENETRATION FOR DEFINING THE BALLISTIC LIMIT
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Table 1. Test results (xxx : values to be filled in after the tests)

total amount of target mass target mass
ejecta (mg) : Xxx before Xxx after impact Xxx
M. impact (mg) (mg)
Size ( see text/Annex for
details, average max/min
size) and velocity <0.010mm 0.01to0.1mm 0.1to1mm >1 mm
distributions
number of Xxx Xxx XXX XXX
front side s:::giltes
ey Xxx Xxx XXX XXX
(optional)
number of Xxx Xxx XXX XXX
rear side 327:;‘:5
ey Xxx Xxx XXX XXX
(optional)
projectile mass XX
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Experimental results -~ 09-039 ~

Silica target after test

Impact crater diameter: 3.14 mm

Spall diameter: 13.52 mm
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Measurement of ejected mass

By containing edge fragments in aluminum case after
the hypervelocity impact test, we can measure only
ejected mass (measure mass difference between pre-
and post-mass with aluminum case).

rubber sponge

target
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High-speed Camera

Product name

Compan
Model number
Recording method

Regulatory
monitor

Eonselanl Resolution [pixel]
Frame storage
frame
Lens mount
Color, Gradations
Recording speed
fps

Exposure time

High-speed camera
(SHIMADZU)
HPV-1
IS-CCDC image sensor
312 (horizontal) x 260
(vertical)

100

Nikon F mount
Monochrome, 10 bits

30 to 1,000,000

1/2,1/4,1/8, or OFF(3/4)
of recording intervals

Nikon F mount lens Camera SRS UE R adiand  TTL (positive/negative)
head U 10-bit dedicated format,
9 BMP, AVI, JPEG
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Experimental results Shot No. 09-101
V= 4.03 km/sec, Withess plate — Target: 100 mm
Recoding rate: 250 kfps, Pixels: 312 x 260 pixels
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Microscope system

Personal computer

Display

Traverse , .
¢ Microscope -

Testing bench " equipment

Microscope system

(ref.: Delu Qu, Teppei Okumura, Mengu
Cho, “Development of Arc induced Surface
Degradation Evaluation System of Solar Array
by an optical Microscope”, ISTS 2004-s-08)

Microscope specification

. . Scanning direction
g e Image size | Size per
Magnification . .
[pixel] pixel [um]

— scan ~—* feed
35 ~ 245 640 x 480 14 ~ 2
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RERIGR

Distance Impact . Zenith
Test Alloy and Surface |[between T pa angles of
velocity e
number temper treatment | and WP ejection
[km/sec]
[mm] [deg]
09-036 4.86 - —
Buffing
09-039 4.95 = 36
100
SR C1100P-1 I 4.03 88.5 33
4H polishing
09-102 50 3.92 80.4 46
09-117 Buffing 3.71 70.2 35
09-119 C1100P-O 100 4.14 84.9 33
09-120 C112|(3|P-1/ Nothing 4.17 83.2 36
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NI KIZEITAEERFFER

Test .Crater .SpaII .Cone a::::::f

number dlla:;t]er dl?nr:l;t]er dlla:;t]er ejection
[deg]
09-036 2.60 12.83 — —
09-039 3.14 13.52 145 36
09-101 4.16 8.33 130 33
09-102 3.71 9.09 105 46
09-117 3.69 8.52 140 35
09-119 4.27 9.90 130 33
09-120 4.47 10.93 145 36
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Distance Imbact
Test Projectile Surface | between velzcit
number | material treatment | T and WP y
[km/sec]
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Al 1050 =
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Two-stage light gas gun
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Experimental condition

Al 2017 Al 1050

Target b, Same Same
— Witness plate
\ . Same Same
Projectile
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Experiment results

P

Target after experiment

Witness plate after experiment

(Shot. No. 1) (Shot. No. 1)
Test Impact velocity Ejecta mass .
number [km/sec] T Fixing of target
Shot No. 1 4.88 161 Supp(?rted by rubber sponge
with rectangular hole
Shot No. 2 5.18 151 Supported by rubber sponge
AMITEXZE STEHZHEE
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Experiment results

Distance Imbact
Test Projectile | Alloy and | Surface | between velzcit
number | material | temper |treatment|Tand WP v
[km/sec]
[mm]
Shot No. 1 L 4.88 161
Al 2017 C1100P-1 Buffing 100
Shot No. 2 /4H 5.18 151

Crater Spall Cone arz,e::::f
Test number | diameter diameter diameter .g .
[mm] [mm] [mm] ejection
[deg]
Shot No. 1 2.1 7.9 148 37
Shot No. 2 2.9 8.0 148 37
AT EXE FTENFEHEE

FIAMAR—RT—FREE & FARMRR—RTFTTYI—HayF 2010/12/16-17

CD11227 D{EIEHI

Table 1. Test results (xxx : values to be filled in after the tests)

total amount of target mass target mass
ejecta (mg) : Xxx before Xxx after impact Xxx
M. impact (mg) (mg)

Size ( see text/Annex for
details, average max/min
size) and velocity
distributions

<0.010mm 0.01to0.1mm 0.1t01 mm >1 mm

n:rr:‘izlee":f Xxx Xxx XXX XXX
front side Seloci
A ty Xxx Xxx XXX XXX
(optional)
num.ber of Xxx Xxx XXX XXX
rear side sall'tlc!es
e qclty Xxx Xxx XXX XXX
(optional)
projectile mass Xx
NI T EXZE 43 STENEHEE
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Table 1. Fundamental Analysis for Test results (xxx : values to be filled in after the tests)

total amount of target mass target mass
ejecta (mg) : Xxx before Xxx after impact Xxx
e impact (mg) (mg)

Size distribution of crater 0.025 mm

At t0 0.05 mm 0.05t0 0.1 mm 0.1to1mm >1 mm
2 number of Xxx Xxx XXX XXX

front side craters
: numBsnof Xxx Xxx XXX XXX

rear side craters

projectile mass Xx

NINTEXE 44 FTELEHEE

FIAMAR—RH—FREE & FARMRR—RTFTITYI—HayF 2010/12/16-17

Table 2. Detailed Analysis for Test results (xxx : values to be filled in after the tests)

gi':fngztr"b“tm“ ofparticle  _5010mm 001t001mm 01to1mm  >1mm
number of Xxx Xxx XXX XXX
front side sartlc!es
elocity Xxx Xxx XXX XXX
(optional)
number of Xxx Xxx XXX XXX
rear side partic!es
Velocity Xxx Xxx XXX XXX
(optional)
AINTEXZE 45 FTENEHEE

This document is provided by JAXA.



Al [AR=AFT) T =2 v ay 7] ek 223

FIEAR—ZRH—FHEER & HAARR—RTI)I—H>avF 2010/12/16-17

INFINKETDIOTHA
REET R D A

Francesconi A., C.Giacomuzo, L. Barilaro, A method to assess
the average properties of spacecraft gectafrom hypervelocity
impact, Proc. 11 th. Hypervel ocity impact Symposium,
Freiburg, April 2010.
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AR SR

Japan Aerospace
Exploration Agency

Honeycomb sandwich panel

skin: A2024, t=0.25mm

core: A5056, h=25.4mm,
cell size=6.35mm,
foil=18um

» 6 km/sec B

Projectiles . .
SUS304, sphere, *
$0.15, 0.3, 0.5, 0.8, Imm*

7 ILEFDIkm/secEEE Inside wall
B9 H1=8. SUS3048k%{# A2024, t=5mm
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AUBR R DALEAR (1)

Japan Aerospace
Exploration Agency

Projectile: $0.3mm, Impact velocity: 5.9km/sec

Front - Back Inside wall
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SRR 0D HHEA (2)

Japan Aerospace
Exploration Agency

Projectile: ¢1.0mm, Impact velocity: 5.9km/sec

.

 Front Back Inside wall
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AUBR R DALER (3)

Japan Aerospace
Exploration Agency

Projectile: $0.15mm, Impact velocity: 5.8km/sec

Front Back Inside wall
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Introduction

m Mitigation measures such as break-up prevention and end-
of-mission de-orbit may not be enough to preserve space
environment because of mutual collisions between existing

debris.
m Active Debris Removal (ADR) as soon as possible is
needed. o 10000 :
o Collision Fragments
. E 8000
m To realize ADR 2 ol
m Technological feasibility £ Fplosen Framents
m Reasonable cost = _
. o o 2000 | ntacts |
m [nternational cooperation 3
will be needed. T o 2100 2206

Year

Effective number of objects predicted by LEODEEM
©Kyushu University in collaboration with JAXA

2
Strategy for Active Debris Removal
Target orbits for removal
= Some crowded regions exist
= SSO (98-100deg)
= 82-83deg : 900-1000km
m 74-75deg, 83deg, 52deg
1500km 0—'~2zzsgzzllﬁsll’;id!ﬁﬂﬁuizlggggg
700-1500 km
80

200 -

150 -

100 -

wwwwwwwwwwwwwwwwwww

inclination (deg) inclination (deg)

900-1000 km 1350-1600 km 3
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Strategy for Active Debris Removal

JAXA is studying systems with the emphasis on the removal
of satellite remnants from sun-synchronous low Earth orbits.

m 15t step: “Micro-Remover” ~_ v

a piggyback satellite to
dispose of one debris object

B 2" step: A dedicated debris
removal satellite, which
carries several EDT
packages and rendezvous
with debris in crowded =
orbits to attach an EDT
package for de-orbit

Remover Vehicle Composition

The MSDR vehicle has the following features:

®Compact shape and low mass to allow a dual launch
with an Earth observation satellite.

®Simple rendezvous navigation system consisting of
- GPS receiver
- Star tracker
- Vision sensors

®Force controlled robot arm for debris capture.

®Debris removal by an EDT package attached by the robot
arm.

This document is provided by JAXA.
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% - Remover Vehicle Composition

Conception for operation \

Robot arm
~_N Robotic

:a/ spacecraft

Space debris

Remover

- Specifications
<.~ EDT attached Item Specification Remarks
F Dimensions 1800%x1800x1000mm
Weight 1000kg Fuel:
250kg
Power 500W Average
. PHTIRN Attitude control | 3-axis control 3 wheels
movesto nexigame | Thrysters 1Nx8, 20Nx8
Rendezvous GPS receiver & antenna
Sensors Star tracker
Stereo vision
6

’/‘4 iﬁ. : ETS-VII Flight Demonstration on 1998-1999

BMAutonomous Rendezvous/Docking experiments and
autonomous target capture experiments have been
conducted successfully on the ETS-VII satellites for the case
of a handle equipped to facilitate grasping by a robot arm.

mVisual feedback control and force control function were
applied to the robot arm. And they worked very good.

!

The rendezvous technology
was utilized for the HTV

=

This document is provided by JAXA.
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% Rendezvous sequence with a debris

Rendezvous sequence with a space debris object

®Rendezvous with the target by using GPS-receiver, Star-tracker and
Laser-Range-Finder (IR-CCD-type)
®Fly around the target, and make a final approach to capture it

Slkm
o BE——
Sl }— 100k
v TP TP1
- R '
Target debris B
40k
¥ e .
i —_— -
10resy. ; . . s 5
Phasing (M. :180deg: 119ev) :, a8 b
1 I
MK / ntar tracker navi. GP3 absolute navigation
ig gj’r eeeeee r
Vislon sensor - RE&RE sensor

BT
%kl

Rendezvous with debris using star tracker navigation.

A Capturing of a debris

Debris capture by a robot arm

MCapture is an essential process for the retrieval of large
space debris objects by other spacecratft.

MIt is common for large debris objects to tumble, due to
angular momentum that remained in their attitude control
systems when failure occurred.

BFor example, the ADEOS is tumbling
in rotating rate around 0.3deg/sec.

This document is provided by JAXA.
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% - Capturing of a debris

In-orbit Repair of SMM by STS-41 | in 1984
The SMM was rotating faster than the rate that SRMS can capture.

Therefore, the crew flying with SMU slowed down the spacecraft
rotation by tapping its solar array with his glove.

That mission was successful in repairing and re-orbiting of the SMM.

10

% - Strategy for capturing of a debris

®The target rotating rate can be presumed by the observation
from the ground in advance.
® A scenario is chosen as shown in lower table according to

the target rotating rate.

Table Scenario for capturing according to the rotation

Case |Rotational rate ~cenario for capturing

A High (w>30deg/s) |It is not game, |
B Medium Braking by brush before capture |
C Low (w{3deg/s) |lt can be captured esasily.

11
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Strategy for capturing of a debris

®Tapping and rubbing of a target’s surface are best for
slowing its rotation if the SMM retrieval mission is taken
into consideration.

@“Brush-contactor”, a robot arm end-effecter , is suitable
for braking of tumbling of a debris because of its elasticity
and good fitness for object form.

® A prototype of a “brush-contactor” made of PTF fibers is
shown in the following figure.

A prototypé ofa* brush-contactor”

12

=== Dynamical simulation of debris de-rotation

Layout of the simulation model

drm Tip

firm Base

(410 -012,1.0
(-2.8,00 00} / &

Initial Rotation
Rate = 30deg/s

Remover
Spacecraft

CM of tarzget debris
=28 00 - .S}M
{-3.8, 00, -03), ¥

13
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’% Dynamical simulation of debris de-rotation

Dynamical simulation results of target rotation braking by tapping
with brush contactor

Arm-Tip force
% 5N iz
’ Timels) ’ N - b ? : i ' Tiersin) !
) ¥- () Rt
£ Vil — % = 0.33deg/s
Brush tip friction | Rotation rate
] ! —
rmm: ® ! neln) G % =
(1 ) } P
]}II’- - e
i &
£ i 3
e o .

;ﬁ Dynamical simulation of debris de-rotation

15
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% Strategy for capturing of a debris

Scenario for target capture

(1) The chaser observes the target’s attitude and motion via
stereo vision sensing and begins tracking of a point to be
rasped.
grasp ‘ o
(2) The target is grasped by the robot arm. Impact loads due
to rate difference/position gap at the time of capture are
relieved by means of arm force/torque control.

(B EF>

(3) De-rotation of the target and the chaser is
done using RCS of the remover.

)
7y

16

% Strategy for capturing of a debris

17
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Strategy for capturing of a debris

Debris capture by a robot arm

BAs a control system of a robot arm to buffer and braking
residual motions of space debris at the time of capture, joint
virtual depth control and joint mechanism with torque sensor

have been developed.

New joint mechanism & torque sensor
18

- Experiments on Test-Bed
Composition of the test-bed with 6DOF-floated rotating target

‘ Video Tracker
Camera
Video Tracker
Frocessar, Force Torque Sensor Visual Marking
= -
P\Gt_at Ing IaFEEt Brush Contacter
g’ 2 Target Cylinder
] s
i _ Brush Contactor () Spherical
Linear Motion Stage =) 2
Bearing on
Motor
Linear Stage
Support Controller
Structure
(Heavy Mass)
Motor Driver :7\1
Y A AT - Tarset Stage with Air Pads
g "'” o - 7
> . 2 Simulator

" Counter i
Weight Stage with Air-Pads®
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Experiments on Test-Bed
Configuration

Visual Marker

F/T sensor

Contact motion

Fotating Target

Brush Contacter

Frame of

Yision Tracker

4/Target rotation direction

Measurement frams

Experiments on Test-Bed
Testing Results "

Cassige
il
Wy

Rotating floated target was slowed down by
brush tapping without excitation of nutation

cal)

i
"'h,‘\
CasshT

9 k"m

Rateldeg’s)

Forea(hl)

timels)

Rotation rate of target

(AT 20
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% : Conclusion

BMethod for capturing and braking a tumbling non-cooperative
space debris was studied.

m\\e propose a new brush type contactor as end-effecter of a
robot arm for reducing the rotation rate and tumbling motion of
target debris.

BAs a means for relieving the loads generated during target
tapping, we propose a new control method which controls the
arm tip force according to a contact force profile.

B Feasibility of the method’s were confirmed with the results of
simulations and hardware experiments.

22

LA

Thank you for your attention

23
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Outline

1. Motion (relative position/attitude) estimation algorithm
for ADR (Active Debris Removal) space robot using
Image data

Stereo Vision
+ ICP (Iterative Closest Point) algorithm
+ extended Kalman Filter
4. Motion estimation experiment using terrestrial simulator
(“on-orbit visual environment simulator”)

5. Six Degrees of Freedom maneuver control simulation
with motion estimation utilizing Computer Graphics

6. Future work

Operation for ADR (Active Debris Removal) space robot
requiring “motion estimation” using image

“target” (failed satellite) & *“chaser” (space robot))
Rendezvous to a distance of approx. 50m

Station keeping Fly-around
remote visual inspection track the capture point
measure target motion by ma.|nta.|n|ng constant relative
(“un-cooperative”) Final Approach

maneuver towards the target

This document is provided by JAXA.



AR [AR—AFTIT—2 v ay 7| #EEkes 263

E{&IZXD8E L IER HED
BEEHERANSTOOEE (1/5)

EBHE  BR U HLORBCEI - SHARROBRIRBHETEDLS
RIEBET O, X -8 (RU., ThoDL—F) DA

¢ HAMFRECEGLEBOUYFELSYITLIFOT—HITEN

¢ HAHRDIRFAMRET L& BEFESTERNFEET LVIEIBRNELRE

¢ BERICISFTLBROEHHEET LT XAILERLE (BB5 HEH EARL—45
(2L BHIM T AIR ELVSHTER)

o

FHA R DR (TEBMNREBLOT UM E)) .,
FEEM(EBILR . REDORKDIEE . REDtexture) .
LEBENDEE (B2 or VU F IWREY or Za—T—33Y)
L THETA7ILTYXALITRES

Characteristics for motion measurement
of the failed satellite using image

Characteristics of the on-orbit visual environment
intense, highly-directional sunlight
- high image contrast
the earth’s albedo is the diffuse light source
- reduce image contrast

. . SFU captured by Shuttle RMS
Surface of the malfunctioned satellite (NASA)

(uncooperative target )
no artificial marker or retro-reflectors

wrapped in Multi Layer Insulation (MLI) material for thermal protection
aluminized Kapton (gold-colored, specular)
beta cloth (white, matte)
carbon-polyester coated Kapton (black, matte)

Optical characteristics of the target
reflective, specular surfaces,
with slight wrinkles or undulations

uygs

measure the shape by Laser Range Finder
partially measurable from

This document is provided by JAXA.
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On-orbit Visual Environment Simulator

on orbit terrestrial simulator

base line [mm] 400 base line [mm] 40

distance [mm] 18700 distance [mm] 1870

(optical center — satellite center) (optical center — mockup center)

body [mm] 3000 X 2500 X 2000 body [mm] 300 x 250 x 200
satellite solar paddle [mm] 4000 X 2000 |:> fna;‘zL"J: solar paddle [mm] 400 x 200
rader antenna [mm] 3200 x 1500 rader antenna [mm] 320 % 150

camera resolution [pixel] 640 x 480 camera  resolution [pixel] 640 X 480
/lens _focal length [mm] 6.02 /lens  focal length [mm] 6.02

stereo
cameras

earth albedo reflecton

three-axis
X-y-z linear motion stage

miniature
satellite

miniature satellite

gimbal mechanism

A Motion Estimation Strategy
using On-orbit Visual Environment Simulator

quasi-real-time
binocular

stereo vision & image data

3D model matching

extended Kalman Filter

relative position/velocity
relative attitude/attitude rate

software

hardware

This document is provided by JAXA.
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A Motion Estimation Strategy
using Image (1/3)

image grabbing

strategy for motion

estimation
/teitimage /' //tight image / # not affected by data loss
from
¢ shadows
* occlusion
« specular reflection
¢ able to use 3D shape
//measured 30 points /' /' model 3D points /" information of visible

f— part of the target obtained
/ pattitude / from ordinary image data

4 combination of

« stereo vision

 ICP model matching
« extended KF

A Motion Estimation Strategy
using Image (2/3)
O Stereo Vision

"
/| '
R i

N

k
»°

stereo vision

/measured 3D points/ / model 3D points /
stereo cameras earth albedo reflecior predicted e
\ attitude e

N
ICP model matching 3 5

i = 18 i

“ v\ -b minjature Io n
o/ A cabnllitn 00 o

L - s

€naead Kalima -
m-om

X-y-z linear o
motion stage imbal mechanism

On-orbit Visual Eg

X [men] 00 0
0 0

measured 3D points

This document is provided by JAXA.
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A Motion Estimation Strategy
using Image (3/3)
QD ICP (Iterative Closest Point) 3D model matching

image grabbing

predicted
attitude

A

@ relative position

to the centroid of the target

® relative quaternion

extended Kalman Filter
for attitude estimation
Q attitude dynamics/kinematics of the satellite

| : inertial reference frame

i C : chaser-fixed reference frame

(D?T = —(I ; ) (cofT X1 ; me) Tb . target-fixed reference frame

q, : quaternion from a-frame to b-frame

» dynamics (nonlinear)

» kinematics . :
1 T o, : angular velocity vector of T-frame,
qf = _qf .[m” ] with respect to |-frame, expressed in T-frame
2 0

Q extended Kalman Filter

N\ / model 3D points /
» states and measurements rodictod
T qT attitude
X = q, = ¢ ICP model matching
T T
O, Aq.
_ yk+1/k
. . At oS
X q,=(q")" eq! A4C =7q2 . (;C

Ar :sampling time

This document is provided by JAXA.
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3 kinds of attitude motion (0~100sec)
® Sample A (attitude motion around y-axis)
® Sample B (3-axis relatively small attitude motion)
® Sample C (3-axis relatively big attitude motion)

earth albedo reflector

stereo cameras

scale 1/10
base line [mm] 40
distance [mm] 1870

On-orbit (optical center — mockup center)
Visual body [mm] 300 X 250 X 200
Environment g,telite
Simulator  ockup solar paddle [mm] 400 x 200
rader antenna [mm] 320 % 150 L |'. ti t
X-y-Z linear motion stage

camera resolution [pixel] 640 % 480 y 9 ] ) .
/lens  gocal length [mm] 6.02 glmbal mechanism

On-orbit Visual Environment Simulator

Sample C

This document is provided by JAXA.
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Motion Estimation Experiment

(Sample C)
4 HIT i - Prakignment
P " " Hicp
08 L = KE
04! P 1 . |
y L
5 024 - E
54,. * 3
- a0
-0.4; ¥q1
a8l :
08! aacemd
o actual) |
e S T S ! e St
0 10 0 0 IOT.ME?.“]W 0 0 20 100
guaternion (actual/estimated) “error attitude angle”
from the error quaternion
(,: 4 {"' . {"’ {"’
& “% = "ﬁ"“’x = fﬂ & @\
50 sec 55 sec 60 sec 65 sec

A Motion Estimation Strategy
using On-orbit Visual Environment Simulator

quasi-real-time
binocular

stereo vision & image data

3D model matching

extended Kalman Filter

relative position/velocity
relative attitude/attitude rate

software hardware

This document is provided by JAXA.
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Motion Estimation utilizing CG

quasi-real-time
binocular
image data

I extended Kalman Filter I

|

relative position/velocity
relative attitude/attitude rate

stereo vision &
3D model matching

v

CG software

(OpenGL)

relative position relative attitude

software hardware

6-DOF maneuver simulation
with motion estimation utilizing CG

quasi-real-time
binocular
image data

I extended Kalman Filter I

v

chaser onboard
6 DOF controller

\ 4

control force/torque

relative position/velocity CG SOftware
relative attitude/attitude rate (OpenG I_)

attitude / position

of target & chaser

dynamics & kinematics relative position relative attitude

simulated

relative position/attitude 1 1

software hardware

This document is provided by JAXA.
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Numerical Simulation (1)

6-DOF proximity flight around the target
- station keeping -

camera LOS h
z, 2, chaser z,
re
target chaser E> target .~ E> target chaser
(M Sy, m [« + v, {1} — - Y
¢ The attitude of the target is fixed to the inertia frame. ieled St FEser rrTeq (m]
# The chaser controls its position so that its own center 0200 [0, 18.0, 0]
of mass to be coincident with the desired position in the o
. 400~700 [0, 18.0, 10]
target fixed frame {T}
700~1000 [0, 18.0, 0]

@ The chaser controls its attitude so that the LOS of the
onboard camera points to the mass center of the target
#Images of the target was generated by CG and these

are processed by motion estimation algorithm (stereo
vision + ICP + Kalman Filter) onboard

¢ The direction of Sun light : -Y;axis = suitable for
image capturing

position of chaser
position of target

Numerical Simulation Results (1)

time [sec] desired position I’rTeq[m]

”””””” @7"””"" 0~400 [0, 18.0, 0]

e 400~700 [0, 18.0, 10]
B R S 700~1000 [0, 18.0, 0]

angle from LOS (along X ) [deg]

L
15 -10 5 0 5 10 15

0 - angle from LOS (along Z_) [des
v, Il 4 X, o (along 7,)[deg]

3D position of the chaser in {T} position of the target in FOV

casellogic3.avi

CG images (left camera)
5sec 450 sec 700 sec 750 sec 1000 sec

blue : measured 3D points  red : model 3D points after ICP

This document is provided by JAXA.
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Summary and Future Work

Summary
Motion (relative position and attitude) estimation of a large space debris
(e.g. failed satellites) object using image
Stereo Vision
ICP (lterative Closest Point) algorithm
extended Kalman Filter

3-axis attitude motion and (static) position are estimated using a terrestrial
simulator

Six Degrees Of Freedom maneuver simulation with motion estimation utilizing
Computer Graphics

station keeping

following nutating target

Future Work

Hardware-In the Loop simulation for 6-DOF maneuver

This document is provided by JAXA.
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TIVREIZBEIT5ERARBADELEFEBE AT LIZDONT
OZHENE (ZZEEH)
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MITSUBISHI

Changes for the Better
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1. Syiavfi®
2. BMAFHBTOERAICETLHRE SR
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4. FEOH
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1. IviaviE
(1) BEAFHEEFOH

AR—RAUY ML TIEHELI-FE~ADEO/IFE/(EIEE
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Photo: NASA

sTs-41c(198a28) B/
TOHIL—IZ&D
SMM{E £ &

- E LT ._ \' t}x-:.\.t.,ll.a'._ £ s .
Photo: NASA STS-49 (1992%F)IZ&BATILHYvk  STS-103(19994F) TH/\w I LFH
HEOHE LRBORKE-SEGHE)

BEDOHRAZENELZWHEL-BEFNELISKRE
FAHIY AV IR L TEAFHEHNAEBAINGZLDI(E

ARRMWRIED)ITHTHFBARRAEN TGN =HE
AT D,

This document is provided by JAXA.



274 FHALZEMTE R FERAE S B JAXA-SP-10-011

MIT_SEP%SHI 1 Twlay m; Changes for the Better

(2) BAOFHEEICKOIHEREDRE
#ME LDRENT T DFEICE > TEEIIKIRELDRZ.
BEAFHEFBHIVLERTEREICECEAOFTHHEZAL

FRRENEEND,
RG]
| % 20
HERE: JJ
A CHEEE TSGR S
i T I l
LEO MEO GTO GEO

= : ~2000km

[

XEERITES | [ XRERIZES 7
TEmCHE | | Bkt | D MRERATS LA
EFT560 | |40 TRENSLHE
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B SEXEEDFE
HEFE=BNTYELEETELIVEE &L

JL
HMESEEZTITIES-ODFE
- HHLIZHEERIOMHT
- BILEEERED A —IILEREESE .. IMESES
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N T 2 RATERTORECHT MBI Cranses for the Beter

2. MAFTHETOERICHETDHERE LR

(1) SEEEHIEDEL
FHXT—a A1 (H-1 Transfer Vehicle: HTV)

SEmiER| [SSASZkmDER |

|
Y 155 Orsi Anuds MO 480

i,
2 e N A,
ci—iE 5 30 MiTIEE REREERS
—e \]_' ,}|I | . _— (HTV- 1St
L1 \ =
:‘i\.{,\' I}'\l I—K\—1w|

(sata) il A= 5
PM . Phase Maneuver {48INEE ! . |
CM : Corellipric Maneuver #Mill * l i
HAM : Height Adjustment Maneuver =ITE / I]I W
AL Approach Initintion 1EiERINSS \ J.'\ /'

Gy VAVAWRNINY = 5. h
Tjection to Orbit . AR CHERRRRNLES \ : R o oto: NASA
Higi; JAXA HTVIL RFwh HfiTREEHE (HTV-1) 2009498 11 BT LI
. GPSERULMV=#isE (1SS, HTVIZGPSREE#) 28 H# (HTV-2) 20111 BT EIFFE
- L—Y Y& ALME (500m L) 6

T T 2 BATERTOREICHT MBI Cranses for the Beter

(1) ZEEEHIEDEL
ExJ D ATV (Automated Transfer Vehicle) D4l *E D Cygnus D1l

154 (ATV-1) 20085E3R#TLIT 2011E~2015F (84T EITFE
28 (ATV-2) 20112 BT EIFFFE

« GPSZERUL VIR ISSEATVIZGPSRE ) « GPS%Z R V-fii% (ISSECyenusI ZGPSREIRH)
« L—HEU5EALV Mk (249mELE)

BT AR RMNGPSIESERIEL. EIhn/IoNIEREFI AL
TCEANLDERETS, — BELEBETEHFTELZL
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