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Rendezvous docking (RVD) is a technique that allows two spacecrafts flying at high speed to
approach and dock to each other. Since the 1960’s, the United States, Russia, and other countries
have developed the RVD technique as an essential technique for various space activities including
construction of the International Space Station (ISS), transportation of astronauts, and supply and
retrieval of materials. To rendezvous and dock, spacecrafts should have the navigation function to
estimate the relative position and velocity between chaser and target spacecrafts, as well as the
guidance and control functions.

Until now, the US space shuttles and Russian spacecrafts have mainly used radio frequency radar
system as rendezvous sensor. However, while the radio frequency radar system has the advantage of
being able to measure long distances and broad areas, the measurement accuracy is low. Thus,
optical sensors with a higher accuracy have been developed.

In 1997, NASDA (former JAXA) conducted autonomous RVD experiments with the Engineering
Test Satellite VII (ETS-VII) carrying an optical navigation system consisted of the RendezVous laser
Radar (RVR) and the ProXimity Sensor (PXS), and for the first time, demonstrated that the optical
navigation system can be applied to automated RVD. In addition, characteristics of the optical
navigation system enabled the satellites to approach at a speed of 1 cm/sec and conduct low-impact

docking through noncontact capturing of the target spacecraft.
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The optical navigation system has higher accuracy compared to those systems using radio
frequency radars; however, it can be influenced by solar interference and inter-sensor interference.
In the present paper, design strategies against these optical interferences are described. Unlike the
NASA Advanced Video Guidance Sensor and the ESA Rendezvous Sensor that are similar
rendezvous sensors, the optical navigation system of the ETS-VII employed a simple optical system
in order to enhance the reliability in the research phase of ETS-VII. Specifically, for RVR, a system
to emit laser beam in a wide angle and measure the reflected light from the target without laser
scanning feature was used, and for the PXS system, the illuminating light sources were densely
arranged around the optical axis of the CCD cameras rather than concentrical arrangement. Although
these systems resulted in problems in securing light intensity for both RVR and PXS, the problems
were solved by certain approaches and the feasibility of a reliable optical navigation system was
demonstrated. In the present paper, the details are described. As regards RVR, a simple formula for
optical propagation when emitting laser radar in a wide angle was presented, and consistency
between the data from on-orbital experiments and the analyzed data was confirmed. As for PXS,
since reduction of light intensity in the proximity area of docking where the elongation formed by
CCD camera and LED array becomes wide was predicted, measures to tilt the reflecting surface of
the target marker CCR slightly was proposed to improve optical performance, and the effect of the
measure was confirmed in the analysis and in orbit experiment. These analyses and design methods
will be useful for the future designs of laser radar and camera sensors.

Moreover, the possibility to apply the optical navigation system for future various RVD activities
was studied. As a result of this study, the optical navigation system established in the ETS-VII
project and improved system can be applied to future space activities including exploration of the
moon and planets, on-orbital propellant supply and construction and is expected to greatly contribute

to further development of RVD technique.
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APD Avalanche PhotoDiode

ARC Automated Rendezvous and Capture

ATV Automated Transfer Vehicle

AVGS Advanced Video Guidance Sensor

Az Azimuth

C-W Clohessy-Wiltshrire

CAM Collision Avoidance Maneuver

CCD Charge Coupled Device

CCR Corner Cube Reflector

COAS Crew Optical Alignment Sight

DA Disable Abort

DARPA Defense Advanced Research Projects Agency
DART Demonstration for Autonomous Rendezvous Technology
DCLT Dynamic Closed Loop Test

EM Engineering Model

ESA Earth Sensor Assembly

ETS-VII Engineering Test Satellite VII

El Elevation

FDIR Fault Detection Isolation and Recovery

FOV Field Of View

GCC Guidance Control Computer

GEO GEostationary Orbit

GPS Global Positioning System

HTV H-11 Transfer Vehicle

IRU Inertial Reference Unit

ISS International Space Station

JAXA Japan Aerospace eXploration Agency

JSC Johnson Space Center

LD Laser Diode

LED Light Emission Diode

LEO Low Earth Orbit

LOS Line Of Sight

LST Local Sun Time

MLI Multi Layer Insulation

MPU Micro Processing Unit

MSFC Marshall Space Flight Center

NASA National Aeronautics and Space Administration
NASDA National Space Development Agency of Japan
ND Neutral Density

PFM Proto Flight Model
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PXS ProXimity Sensor

PXS-E ProXimity Sensor Electronics
PXS-H ProXimity Sensor Head
PXS-M ProXimity Sensor Marker
RDOTS Rendezvous & Docking Operation Test System
RVD RendezVous Docking

RVR RendezVous Radar

RVR-E Rendezvous Radar Electronics
RVR-H RendezVous Radar Head
RVR-R Rendezvous Radar Reflector
RVS RendezVous Sensor

RVS RendezVous Sensor

S/N Signal / Noise

SCLT Static Closed Loop Test

TCS Trajectory Control Sensor
TDRS Tracking Data Relay Satellite
TF Terminal phase Finalization
VGS Video Guidance Sensor

VIC Velocity Increment Cut Off
VP Vicinity Point
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R (FHAT—vav) MY TOH1EOICHHEOEN L LT, 1960FERN 6 KELE T IT X

757 K v ¥ 7 (RendezVous Docking: RVD) Hffii,

S THFZE « B3 & T & 72[1][2]. 19664F (21, KEDOFHMITE=—LT —L A b v 7N
T2 I =88R EMNHETHL T VT HE LA THO TORVDIZEII L, #i< 1967
121X, 727 OCOSMOS 186 & 1887 H #RVDIZ A Lh L 72 [3]. Z DRETh AR, KE, v > 71T,
TNENY == /TR FHML A ZAEAFEOIE - EH 280 CRVDEINZEMH - HBES
H, BAETIE, KEDORAR—2L % bR, i 70Ya—X, Ful LR LVo = FHEN
EFEFH A7 — 3 = > (International Space Station: ISS) #1372 T, ZE Ofgk, WE O ML, [H
WEDOTZOIZ, EWHHIZRVDEIT O X 21272 o7 (Fig. 1-1Z ).

RVDZAT 9 7212 IE, REBIAICHIE - G T 2 FHKE (F =44 GBBF) FiHE) L HFFE
W (¥ —72 > MFEHEK) & OMRE, EELHT L (ML), #6357 0 BREHE % 4
L (FE), =Yzl Lanogul, BE 46 (H#E) LooRITd 2 MENLET
Hd. FoAPFHEBIL ¥—F v MFHER O RIS U TR D5HY - Mk - HlES
XAEZEH L TRYVDAZIT D . LU FICHIERBLE LI2dh D% —7 > FFHEICHT HRVDICOWTE
OB 2R ~% . T, FoAVFEHER, ¥—Fy VEHBETWHPGERICRD XA I
TrZy MZEVITET 68, uBlcEASIND. FoA PFHEO SRR, MERIZLD L
YYOUTANC R Y F A T, ¥ 5y NFEHBOME, HERMEEIND. LR
X, WFEEOPERERRICESE, Fo g VFEHBICHBEES 2TV, FoA Y FHESE
S —7y N & ORISR R L0kmIRFE DT T T THERICER AT S BT VT T
BWA~DHEAE, F=A PFEHEL, BERCERLTWDI T 7R EHNT, F—F v |
FH L OMXLE, HELZHE L TRVDEZITY. ¥ —4 v MFEHKE TOMMEREICIS T T
H—gWIEHEOZ7 T 7R HWLND.
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RaefALTwa¥m, fHlBERRWE NI REDRSH L. HUEKENMENWE Ry X 73 55
DEAFEENEL 720, MEFRAHERT 272D Ry 0 ZHEN KRB0 FHEBICAE &
b, Fl, TR YaA—X, Tu s L ALV EFEHEICIE, a—r - e —T Ry F
7wy b, FaAPFHEO KO T 0 —T N F =7y FFEHEEOa— LD
yXRVITEICROWRNLEENZRM LT Ry 72 e T2 N2 LTV,
ZDID Ry X 7 HEITELS, H~30cm/sectefE ThH L. BB Ny F o ZIXFHEOMEIC
mWEIVE, SREENZER SN DY, NRIOFTHESH - MEREKO X 5 ICBEN ORI EY
ERETLOHE, MENNNSLKBRLIEIOIBETHEIL TRy R U7 T20ERHD. 2O KD
IR TFHIEESCHEHA T 5720, RVDAXZEE V0% - RIS ED L TE 2. h¥t
Y, BV —FICHARTREBERE, REEGHAE LW L, KREBETFHEONRFE TR H D%
DRTHLD, BEPESLO/NUREETELREALRD 5.

NASA JSC(Johnson Space Center)i%, A-~X—Z I ¥ hLIZHEH T 5712, Trajectory Control
Sensor (TCS)<°Hand Held Lidar (HHL) & FEIZL 2 5T > 7 7 9 255, 19948 HiEM L
THEY, FIFHMRIT L ORI Z T D2MEFRBEOTZOIEH SN TV D, £, ITHF,
BEATHBICLDFHEAT —va r~OWEMG, HEEMG, PUE LI 2MEw oML
T, BIZIEH - ZEPLOF TNV Z—FEOI va URRESN, TULICHIET D7
OOENEERT T TRV E LT, REMIEE Y OBERERIERICR > TS, NASA
MSFC (Marshal Space Flight Center)iX, ARC (Automated Rendezvous and Capture)[7] & FEIZIL D 7°
077 L0 , HAFHEIZ X DRVDEIN DTS4 B L, Video Guidance Sensor (VGS) & /X
NANFEE I OWFTE - B3 2D, 1998410 A— R T v hJLICH#H L 7= Spartanfir & % ffi -
THLE Blck T o2 OEMEEMRREZIT>2[8]. £ D%, VGSOREE T H 5 Advanced
Video Guidance Sensor (AVGS)[9][10] & FEIZH 2t & ¥ 2y, KE&FEPFHE R (DARPA)
?®DART (Demonstration for Autonomous Rendezvous Technology), Orbital Express & U > 7= 5 Hi i
IS S, DARTIZZEHL L7- 6 > d[11], Orbital ExpressT H BiRVDEBRIZ B 2h L 7-[12][13].
% 7=, MDA/Optechf: 73 B ¥ L 7= Rendezvous Lidar System[14] 75 >k [E 22 & #ff 7% Ft (Air force
Research Laboratory)? XSS-11(eXperimental Satellite Syetsm-11)(Z#5# & 41, 2005454 7 (24T B
LT T 7 EBRBATOI I RN T, ISSICWE % #iks 3 5 7= © @ Automated Transfer Vehicle

(ATV) L MEIE N D Wifo I T 2720, 727 7%+ % TH HRendezVous Sensor (RVS)



& L CVideometer[15] & Telegoniometer[16][17][18] % B %& L, 20084F(Z1SS & ORVDIZHEL ) L 7=
[19].

— 77, WHAETIE, 1970470 5 RVDEANIZB 4 2L - B 23T, 19974 (5 Hi B %
FEM (NASDA) (BLFH Mz 7R HERE - JAXA) 2, A FHEIC X 2 BERVDIER 217
HYZEEEME LR BRHEEVIFE (ETS-VII) %47 EiF7-[20][21]. ETS-VIIZE, [F = A ¥
R (OZFL)) KO =7y MEE (BVOWD) | EFFIEN2200/EN LR I 1L, #il
BEICBWTTF oA P HFERNY —F > MR Z 5 L, &RK12kmE THEN 72 H S 2> 5 RVD F B
1T-7-. ETS-VIIORVDZAT 9 1= OffiiEs 25 2k LT, 12km~500m o> ji #F B8 < 8 -4
% GPSHA X 12 [22][23] & 500mMELIT D IE 74k THE 3 2 S HMIE S AT L D2DD v AT L% B
KLU, EFEMEY AT A, 77 7 L —4% (Rendezvous Radar: RVR) KON+ v+
(Proximity Sensor: PXS) @250 7 5 7w Wbk & 5. RVRIEL, 500m~2mo i Ef ek
THE RS R K OV 7 18] (LOS: Line of Sight) £ Z Gl L, PXSiL, 2m~ F v & 7 £ TOMH
B TR, BB AR D HEREZ AT 5. NASDAIZ, 1998475 5 19994F (2 i) T 3[H
HEIRVDEBR 21T W KT B ICH T L 72[24][25][26]. = #L HETS-VII T4 L 7-RVDE i 1X, H
AR DH-11 Transfer Vehicle (HTV)DBHZIC & A2 4, HTVIL, 20094E(2ISSE D/ NN—2 7, R
v X TITRREI L TV 5 [27].

ZHIUHETS-VIIO ER A8 U C, B FEMIES AT L2 BEHIHRICHAAALTE S AT K22 LD
RVDEBRZ 1TV, KFHMIET AT AN BBHRVDICEH TR TH D Z & 2R Tl THLE T
FAE L7z (Table 1-1ZM). £72, BHETHLINFHIES AT LOREEENL, F oA T
B SR LemEL B O BT CHEE, AT — Sy MR OMEAIT O RERE Ky xS
ZEBL LU=, ETS-VIIDOFIL104 14 12 FfiE & 41 7-Orbital ExpressiZ X 2RVDEBR TIX, Ky x o7
RF D B2 T 36 B 13X RD o 3em, i AEE B VX BEBE T 1A C+50mm,  BEEEEEE 5 mIEr45mmThH 7. o
i, BT TETS-VIUO3E®E <, BREETEE 7 Mg IZETS-VIIO £25mm O §) 2% T b 5 %,
FEBRNH104E 1272 - TETS-VID K v %0 ZJHEOHEEE N R —Th o722 L 2AH L 2N
7o 72[28]. HFMIET AT AL, BV —F B oo AT MTH ARG EE D/ N Bk
MARETH D, KBTIt PHONRETHREE HIRED DL, ThbHFETHIC
T ORI EOM L EAT o 7o G R, HUE EERTRBERSEMELEZ L 2 L. ETS-VII

DNFEMIEY AT L%, FEER T T 7% ¥ TH HAVGSRPRVYS & B2 0, FH A3 T



LHEMAINDIEEMEZEDDLT-OIC, MR CL— V2 2AFy T 2O2WERER 2T v
TN TR R S 72 [29][30]. FAUIC K W RVR, PXSE b EHAEIRN T O Y B O R R IR
BNE LR, KL CRTHEETo iR, v PR TRFEMIE Y AT AN EBR A
BThdI LaFEIEL.

ETS-VIITHA¥E « #08 £ CTHEFE LI FMEY A7 A%, A - REEAESSCHE L ToHEK
fa, MEIEY OMANL TE, FFROFHEHICBWTEHMAAETHY, SBOFHEHICK T D
RVDEMT O RICKESEMT 2&EZHND.
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Table 1-1 Optical navigation sensors development history

First | Optical navigation sensor Spacecraft Measurement

Flight parameters**

1992- | Hand Held Lidar (HHL)* Space Shuttle Rng

1994- | Trajectory Control Sensor (TCS)* Space Shuttle LOS, Rng, ReATT

1997 | Video Guidance Sensor (VGS)* STS-87,95 RePO, ReATT

1997 | RendezVous Radar (RVR) ETS-VII LOS, Rng, ReATT

1997 | ProXimity camera Sensor (PXS) ETS-VII RePO, ReATT

2005 | Rendezvous Lidar System XSS-11 LOS, Rng

2007 | Advanced Video Guidance Sensor (AVGS) DART, OE RePo, ReATT

2007 | Autonomous Rendezvous and Capture Sensor | OE LOS, Rng, RePO,
System (ARCSS)[31] ReATT

2008 | RendezVous Sensor (Videometer) ATV LOS, Rng, ReATT

2008- | RendezVous Sensor (Telegoniometer) ATV, HTV LOS, Rng, ReATT

* These sensors were not activated in the closed loop control system.
** LOS: Line of sight (Az, El), Rng: Relative range, RePO: Relative position, ReATT: Relative attitude
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21 [FL®IC

FJU7 7 Fyxr 7 (RVD) ElE, ¥ ECFEHBER L EE - #6722 Tho. AE
TIX, £79 RVD OEEARFEN, 777 —0 % 3{EANCAIY W2 o &mEEL A L TH#ET 5
ZEThHLHZELERL, FaAVFHEE Y7y NFEHBOMXES AR T 5 HILL T
KIZOWTHHIT 5. WIZ RVD &7 9 72 DI B2 HEHEHIEIC W T, # BT BT R o
RVD Z Bl & > CHltHl L, RVD IZB T 2HIEDEFIC O VW TIERS . ILICARRmILOMGETH
BDIEHEMIEY AT JMTET AHZEOBRIC OV TR, RVD ICHEFEMEV AT 22 EM T 5 2

L DEBRMEIC DV TR B

22 ZUTTFRyXRUIDRE

FHICBTL7 77 Ryxr 7 (RYD) &L, WA EOFHER AR - 632528
Thod. ZIZT, #ESNIMNOFHELZ X —7 Yy NFEHE, ST 2M0FHELTF =A%
FHHE & S RVD OSEARFENIT, FHERO&E (HuBR¥R) Z2FMA L THEEIT 5
Lih s, BAEICE, R RTr7I7 -0 3ENEZFAT 5.

3
T=2x % (2-1)

v
H
A

T ;L8 JE

a:flE PR

L EITEE
ThHDH. QD)X nbeB0, EEEENEL (HL) R21FEHEFABMIELS (L)
DT END, 2HOFHBOREIZEZE T D LT, BOSCHM ST LN TE 5. Fig.

LI A BT D 0 oA R,
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Fig. 2-1 Concept of rendezvous docking [32]

WIS, FaAYFHEE Y =7y NFHEN LD 5RO ERICO>WTE~%. Fig.
22 [ R Z T X =7y MR ZFURICEE L, =7y MERPRIT S 5 M#uE
fh, W.OMAE ZE, ChoLAFRERT IO =7y MEROWE R EE T WY #hE
&%, Zok, FaAVEELY—F vy MEEOMEEIILU FOXNTE S S[33].

X =a, +2wZ
Y=a, -0’
(2-2)
Z=a, 20X +30°Z
CIT, FaA PERCANBER LR, Wb,
ay=ay=a, =0 #9)

DA DK (2-2)D — % fi#1X, C-W (Clohessy-Wiltshrire) f#[34] & MEIZIL, L FTOXTEEND.
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Y
Target Spacecraft

O Center offthe Earth

Fig. 2-2 HILL coordinate system

AREY, FoA P HEFHE®RS W (Y HH) X LT, BRI 2170, fuEmn (X-Z
Jim) ZiE, X, ZWEK L EB AT O 2 LD,
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23 SUTT Ry EMEDEE
RVD %179 720120, it VEOFNT — XK X —F7 v N FHE S OMXLE,

WELAZHEEL W), BT 200 REIELZERL FE), ZT7 2 Z 2B LR 6
H, BBEEHE HIHE) LooRITT 2MENLETHS. £7-, HEIRVD 217 9 2 HITIT,
INHICMAZTF = A P FHIC FDIR (Fault Detection, Isolation and Recovery)<efé{7T € — K4
BENS R D BBRAITEHBERLETH L. I LS L, $E ETRVD 21795 v —/4 v
Z0E, (DT B, QWuEE#, Q)FExREr, @)R#&#EE, G)Ry X7 D5 507 = — X
SPFEEND. Table 2-1 12 RVD O 7 = — X0 AR, ik, FE - SIE ST & RITE B E

T Z# B L 7= b D % 7~ 97[35].

Table 2-1 RVD flight phase and navigation technology

RVD flight phase Relative Injection Navigation Measurement parameter
distance accuracy method

(1)Launch Several km 1km X 2km Inertial Position and velocity

(2)Orbit Transfer | ~20km navigation

(3)Relative 100~500m 100m GPS relative Relative position and velocity
Approach navigation

(4)Final 2~10m 30cm Laser radar Relative range, azimuth /
Approach elevation angle

(5)Docking* ~0 10cm Camera sensor Relative position and attitude

* Docking can be also done using the laser radar

Z 2T, Table 2-1 129 » THIUEKHLE LD ¥ — 5y M FHEICR T 5 RVD OB Z 383 2.
EFT, LT 7=2—XTlE, BEERLZZ =5y MFEBOHE T E2rbo L vy 7 0H
bErv—F¥zRALTRESND. FoAbFEKIE, =5y PFEEHEER CHUERICA D X
I, BUBEm A ATRERRY by AT Lo s, BUEE# Y = — X T, #E2rLF =
AV FEHELOZ =5y VFEEEE LV Y IO EL— X 2R H L THLEREL, Fo AW
FHBCHFEEORT — b7 ML EZEEL, FoAPFHEIZIALOEREHVWTE —
T NFEEHEE OMXHEBZHEE T H. T 4 A PFEEEIL, C-W FFERIENIC X o THXHEE T
= — XBAMA R T H L M3 IREER) 10km FREE O MR A S, T T = — XTol S fknn
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5. C-W Bl &, 2-4)XN2FM LA EHETHD. M#EEY = —XLRIE, F=A
PFHEEB IR FES2T7 T T 2o TE =Sy NFEEHBEOMBEELFHIL, ThICK
D& C-WF B CEEREF GHHE LML > TH—7 v MFEWEEICHET T 2. 508 57 5
X, TORDOLNTHE, MEOT T 7 A VI - THALT 288 #E 5T, #lE Lo
HOHRDTHE I > THIET D2 LI RGECHVWEND. =57y NFEHE~OREETD
JFEE LT, B DO (V /3—820T : +V bar Approach), ° F S 082 (R /S—#2iT

+R bar Approach) £ & L CTHWOLILSD. ETS-VII [XR1#H, HTVIZ®%E O T HiEEZBRA LT
W5, (2-2) K&V, R A—FRIEZa VA oM@ EREICES MW N2 ME LN o
THIEMNLTL—F N, VA—HETRLVLERIIHEETEDLA Yy B HLD, FyX
YUWMMN-Z HE R D2, fEEEE S RVD SR EARE T OLENDH D VAT LK

SIDNEMEIC R R, ATy NFEHBOMKRE YT = VFEHEO T T T HEA~D
HENBREINDIEDT AV v ERH5H.

RVD (281 A #IEIE, Bl EICBR7- RVD v —F7 2O H T, MHAFHEEIC L > TR 55758
HlAE R 2y & DERITIG U THALE, ®EOHEF R RUET 22 LA KETHDH. K, #L
EEW T = — T, MERHEEL 7 = — XL, Mkt PR EEE D, LE LR DHIE
UYL, FHEARITTAHESCI vy a LIk o TRAR SN, i HT EFRIO RVD 235 %
7=8%A, MR (7 2—X) WS LT T 3IFEEORHAREZND. T T T &21THF
HigIY, WERBLRETLILOOERSBE YL LT, HEE P EiIMiEkE o LEMHE
WEAEE 2R L TV D 2 L a2 E T 5.

(1) GPS fHxftiE (ML 7 = — X)
F A PFHELOZ =5 v N FHEICGPS ZEHEZHR L, TN TR T L&
WET — 2SS LE, RELHET D.
(2) v T 7L —4F (R#EHERL7 = —X)
BREL IV VRl o7 L—FTHx =7y Mg L O, Hm, L%t
BT 5. SR mMAEZITE, FoA PFHEOLSE - FOFHIEE &Y T,
HZ—7y MERIZH T HMEMEZFIT 2 ENAETH D, HEREIE, RyFd o
U PEESET LI LB EIOND.
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@) FvdoZtv¥H (Kvko /7 =—2)
B AT THIXHIE - BBEHUTHE L H. Fodo ZHOF = A 5 L
B— ey NEEEO Ry R S EORSDEEITD DS LB D,

ENENOMEE Y OFBMEICK S FIEBRET, FEREMRECRZ 20D, BIHkE
RACRBIT AR L, MUEREICK - TEELZIT D, o THKRMIERZED /NS WHLEE
CHICHIARE NS RVD 21T 9.

24 REMECRATLOEAMLME

ANR—AYy PRV 2=, Tal LAV FHETIE, TryTTAMER Y EL
TEICER L —FZ2HEH LT, fl2E, A=A v bV TIE, A 20km £ E 0 Hh
ENPOBEBR LV —F AL T —5y MEEHEOMIIER, @HRFmElEL, B8y T
b DAL — kv 1 COAS (Crew Optical Alignment Sight) & FEIZN 5 HLUESS & F W CEHHI L 7=
A, EMEEEEE O AEEIEEAAEE T —Fy NEEHEE OMILE, HEEHEE T
5. £, Ya—X, TuZ VALV FHETIE, KRUS EFEEN D ER L — & S HXHE
7 =—APUBEOEL P ELTHEAINTEL., KRUS IX, oA P FilHE Y —7 v bF
HH I SN TEBEONRTRI T o7 Hic ko, R, BRI O L7 &3 R L8 3
THIENTED., ZOLOIL, A=Ay MARY2—X, FuJVAETIE, F077
ke LTEEL— X2 AW CERR, BV —21%, RIEME, KEGHATES VD
Mz AL TWDHm, FHRENMEN WD REBRH -7, 1995 FFLIE, A~—Z T v hb
\Z Trajectory Control Sensor (TCS)& FEIXN A L —H L — X3 s, EFE 7 7 7 @M CTff
AEnTnad. LiL, TCSIHABHEICITMAZN TR LT, FEHMRIT LIS T DML IE
HROBEICHE > TN D.

—J7, 1980 B NS, MAFHBIC L DFHAT —va v ~OW&fits, HIEMGO0
B EICBT 2BEYOMNLT, BIZEA - XEPLOV TN =D vy a URMRE
SNDEOTRY, BMAFHEIZED RVD EXNICKHEREKERT 7 71 Y OBFZERH %
DEETITONLD LT ol

NASA MSFC (%, ARC (Automated Rendezvous and Capture) & FEIZN 25 7' 0 77 LD F, A
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FHHIC X D RVD #0454 B8 L, Video Guidance Sensor (VGS) & FEIZNL % 52t 4D
WoE - PR EED, A=Ay MUIZHEHE LT Spartan R Z - THLE ik T 5284
DIEREMERRMR 21T > /2. £ D%, VGS O3 T % Advanced Video Guidance Sensor (AVGS)
EREEN D T YA, KEEFEDEIER (DARPA) @ DART X Orbital Express & W 72
FH B F5 R S 4, Orbital Express ©H @ RVD FEBRICH L) Liz. BRINTIX, ISS IZHE % flifa
3% 72 @ Automated Transfer Vehicle (ATV) & FEIZIL D MHGHEICIEH T 5720, T T 7%
% TdH % Videometer & Telegoniometer 7> 5 72 % RendezVous Sensor (RVS)#% ¥ L, 2008
AT 1SS & D RVD IZRH L7z,

HATIE, 1970 75 RVD 2B 2 BFZEA3 1T DAL, 1990 £4£12 RVD R LK OF i m A » b
KB A TR E LA 2 VIR (ETS-VI) OBA%IZHE T L7z, ETS-VII ® RVD FEHv
AT LI, LTOHEBNGEAFHEIC LS8 - KER RVD # Hf5 L TR I L.

(1) MATFHEICE D RVD
—IRANCTFEHRIT LI ZICTHY, TOFEEAMEBBT OLERHD. £2, - &
EREDOXL I AN XD Z L BNNEERGHTI T, $TEAREZITOLELRDD.
(2) H#E) RVD
i BB OSAE T RVD 217 9 56, EREBAHIERREEY 7 PLETHLN, A -
BEEREO L) ICRHENN & LG E BN NETH L.
(3) IEMEE Ny ¥
THRRRLYa—X, T L ALWotFHET, a v T e =T RFRyx Tl
HRABEDI, F=AVFHEO KGO T 0 —T N E =7y FPFHEH#EOa— DO Ny X
YTHEICBROWRNLEEN AR LT Ry ¥ IEELRHET L. T Ry x o7
W TH <, $~30cm/sec ETH D, HBEF v ZIXFTHEOHIE I & WORIME, 5RE
WERENDHD, A - BREEERO LS ICRENSERMBENZ AT 2546, mEHIT/N
SWVWIZENREE LW, 207, lem/sec B OH TH L, M TY — 7 v M FH
DBEEITHORERE Ny 72 A L.
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ETS-VII X, LEREOMEANTHBEIC X 5 KEE A E) RVD 2 EH T 5720, R TH0 THXTE
it 500m LLiT D& BRI 7 = — XLARRICE ML AT A2 @M L THE) RVD &1T-o 7.
ETS-VII KA L7V —H L —F L 2oL, holFe R 2%y T 58
WART, L—RIDEZIRAICKES LTS A FNT 282t THY, FHbH
HKTOROEBEUINDIEEHMEIENT- VAT ATHS. £z, Fyx o 7iEHEHEETE, —F
LV—%, AT THEHIFETHY, FRIUEL RS TBVLREREH VT AT A
Thd. —F, EACL—FLRIDLZ BN T 256, MEGENDRRY, JHEBR O
FNEE LD, £, KFECVVEIRGHREFEONFTTUHPEZIRERHD. 20X 5 ik

RELZ RS 2 AL 3 ETakimd 5.

25 F&ED

ZYTF 7 Ry¥x» 7 (RVD) 1%, #UE ECHEEER LREER - ET22LThD. F=A
VFEEHEN, 7y 77 —OFE BRIV EOSEZEZFIA L TCHY—F y MgRIZEIT 5.
BB OFT oA PFEHEE Y —7 y NFEHEOMER X HILL AR TRIN, AR EN
By, CWHELMFEN MR HEO, ARXREZFHA LTI 7 7HGESHZ BT L LN TE
5. I EFT B RVD IS BERFFEMIEHE O 5 5, BT 7 = — XLIEE T, R
DIz DY Oft, FHxHEERE, RITIE, MRS EFRARER T VT T BRSNS LB T
HDH., INEFTOTUTIHELCIX, BICER LRI TE N, KEEE, SR
FHRAS FIREZ2 o, FHAEERNENE WO RERH T, TiTxt L, Jest a2 7ot
By AT A, R ERE L, @BFER RVD 2FEBL$ 252 LN TE 5. ETS-VII O XA
VAT AE, V—HF L =LA ATV O 2O INDS. ZAbIX, DK
PRV LR Ay VT MR RS, LRI 2 LA IS U TR & R
THHMREL Y THY, FHMBCRLERINDEHEIEICENTZV AT ATHD. iz,
Ry X o ZEGHEETCIE, L—FLr—%, IAZ7B M THEIHARETHY, FRILELE

o TEBYEZEMENE .

17



B3 RMHRBEVIEORFEFMERDVRATLATHA Y
31 FL&HIC

HAERE Y AT M, HWRBREE VIR (ETS-VII) ® RVD By 27 A0 —H L LTI
Sh, 1997 4T EF b, ATETIE, £ ETS-VII © RVD B Y 27 AOBE K~ 5
LLbic, ETS-VI ICHE LB Mk s A7 A L it v Fic oW TaBa+ 5. wio, %
Wik s 2T DTk 2 BEHEIE 7 = — XUUMBICE T 5 RVD EBRY AT L0 6 OEREZH & )
B, KA Y AT M, BRI TH S E, HF TR EEE L Vo F Y AT A
A RRERHD Z LD, FHMEREER TS L CKRELARD, TR REICHT SR

ORI ONTHEmT 2.

32 HMHABRGEVIZE (ETS-VI) RVDEERI X T L

HffralBds 2 VIR (ETS-VID X, BB RVD KOFHHAr Ry MO ESEZ EHHE LT
1997 11 A 28 HIZH-l v 7 v M X VT EF o7 E T, HE) RVD 2179 729DICTF = A
R (0ZFL), =7y MaEE (B 0®)) O2EOEENOERKIN TS, HE
X, F = A PR 2.5t ¥—7 v MER 0.4t OF 2.9t TH Y, T EIF%, @&EE 550km, L
#H 35deg O HELEICHEA SNz, ETS-VI IT#LE L CTF = A HGE, ¥ —7 v MR Z ik
L, fK 12km (SEBRME, FREiX okm) £ CHENL L CTH®) RVD F28 2 90 L 72, #E EAEEX

% Fig. 3-1 I/~ 7.

Fig. 3-1 Engineering Test Satellite VII (ETS-VII)
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ETS-VII ® RVD EBR v AT LD 7 a v 7 XA T 77 L% Fig. 3-2 1277, HE)RVD #2179 /=
D F = A T RIS E G EHE (GCC) NEE#E ST\ b, GCC i, ## Y 7 b7 = 7 (RVD
Flight Software)?s f » A h—/L &4, RVD ERRHTOF = A FHEOWE - BEGIEZIT O & &
HiZ, E— N7+ M LT eV ERITEHEBKEDS A L TWD. ETS-VI X,
ANHENT VT T Ry 72479571010, 3 DOF7 U F7MiEKERAZHEL WD, ZhiT,
2m~ Ky ¥ o 7 ETOEMR (Fy® o 7#E7 = —X) THEHT &6 % (PXS), 500m
~2m ¥ TOMME (kk#ELI7 =—X) TEMT27 771 —% (RVR), 9km~500m £ T
OFEBEE (BT 7 = —X) CHEMAT 2 GPSZEHTH L. KX Tk, T0 ) blkFkr
P Th D RVR, PXS ZHFHIET AT LA LIESR. GCC UL, Zih 3 207 T Tk z
BEEIC S U T B2 CTHEREICHEM TS, b T F ITHIEMSRICmA, ke &
(ESA) K OMEMEARELLRE (IRU) 23, BEAKRORE L — 25T 2 72 DI Wy 2 IZHE#E S
NWTRVD IZfEHESND. 7z, MEEDOT 7 Faxz—2 L LT, F=AHHEIZ 20N 2T R
AN, Z—=0y MERIZIN AT 22 BEFH I TV 5. ETS-VII O FEBREM 1T, SETHE

2 —n5, NASA OF — X hifikf & (Tracking and Data Relay Satellite (TDRS)) %/ L T % Jiii L

Target Chaser
IRU : Inertial Reference Unit
ESA : Earth Sensor Assembly
), ES [20N Thrusters] ; |
[N Thrusters | [ 1RU, ESA | IRU, ESA 20N Thrusters A(O)CE : Attitude (Orbit)
Control Electronics
ACE Accelerometer Guidance Control Computer GPSR : GiPS Receiver
RVR : Rendezvous Radar
| GPSR | | GPSR__ | cle
el CPSR, PXS : Proximity Sensor
RVD Flight Software DM : Docking Mechanism
- Flight Management VC : Viewing Camera
COM : Command
DM Handles —— C/T : Chaser/Target
p—— TDRS : Tracking & Data
} VC Marker [aocE | Relay satellite
becmnmritim s - GN&C : Guidance Navigation
i i - and Control
e ————— -:i, Visual Dataj, _=q via TDRS S/S : Subsystem
C/T Com. 8/S i Docking Camera jo" 1 Processor C/T Com. 8/8
T I
Space Segment Target TLM, GPSR Data
Ground Segment Visual Data

i Robot Operation System k-------------------------iTracking & Control System

Satellite Bus TLM

X
RVD Operation Syste
| AL AL RVD TLM/CMD

——
RVD Experiment System E Vision System I:I Satellite Bus System

Fig. 3-2 Brock diagram of ETS-VII RVD experiment system
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33 HAEMEIVRTLIZKBMiE

ETS-VII ® RVD (X, & 550km OKEGEIZEIT MM —47 v MMkt+ 2 RVD #1795 2
LD, GPS FHXRHTIE TN AT HE 22 8 5 BEBERD 500m O Hisl (TF 1) &AL, & D% EFEM
BV AT A &S HIERRER SN, FoATHEROY —5 v MiEIX ESA X IRU &
B LTk, 3EMERIEMHEZIT OBEZ AL TW0D. > T, F=A HHEILTF REA
RFlZ GPS HHXIMIIE T — 2 K0 F oA RIS T 557 —F y MEREOHMMEEZ MY, BH D
WEkfE LB L LI L TH—F y MEEO LG MICLE 4 mMIT 5 (LOS $5M) Z & T RVR IZ
X0 —=0y MR EHIET 2. FoA VT EHEDORVRV X —F v MagREZHIET L2BOF = 1
TR, ¥ —7 v MaREOMMLE, BEOER % Fig. 3-3 10T, #—7 v MaEiE®IL,
RVR CTaHUS 288 7 101/ L Az, El R OFExHERE R &, K&t ¥ Th D ESA, IRU N
LNTHHDI =) KO Yy F(OHELBAEZEDLET, KANLTF oA FHEICHT D
=7y MEREO IWRTMELHE L SO#ET L. 2, FETHEIA TS L—HF L —
ZHFRTH D .

X 1
y|=R|yw—-Az (3-1)
4 El-6

Chaser \\If

/ Y
X ! Target
N
/e : Hill Coordinate System

z

Fig. 3-3 Line of sight acquisition at TF
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—F, A=y MERL FoX U 7 T8I, T4 HELOY—Fy MEED Ky ¥
YRR DERN S Ry X 7T LM 6 BHEGIEARHA SN, Faa ViHE, ¥—7
v MR & b 3EERIEAHIE 21T > TWD Z LD, Bk L7 & 5 722 RVRIC X 5 3 kor it
CHESWTHIL - RyX v 752 b AETHIN, ¥—Fy NEEHEORBNERH L T
DX MM Z =5y b ~D RYD FE, FFROHE LV —EA~DIGHbBZE L TIEI .
TR 6 B RS il 2 5234 % 72 O (S B TR T RE AR iR & W TdH D PXS & MW TH L
e BBEHNT L., BRTLHEIICEKEEO V—H L — X L= R CIXFEXHEERE, LOS A, it
HEEECITME BB 2R T2 b H D, ETS-VII O ML, b7 VT o hLE
DRy FATEBIZEVWT, L= L —FLEQE Y2 TATTRER>TND Z END,
il A7 AR VERENRFNEEZDBNLD.

34 ETS-VIDRXZEMES AT LOBRE

ETS-VI DMLY AT A &S 5 RVR K ONPXS I, Fig. 3-4 2R T LD ICF =1 VA,
=0y MERIZHE#H IN TS, RVRIL, T/ MBIV —VEZEEZITO>~y K LE
FREEHNENENERTER 2AEHL SN, ToAF Ry FUTHIZ~y REARE ST
Wh. =7y MER Ny F U 7EICITERBNY 7 L7 2 1 EEHEERY 7 vy 2 2 s
B Esh, EEEAY 7L 2 I3 ERLH T, EEEERY 7 L2 2 ety i L Ex
LTERYMFTonTnsd. PXSIE, FoA P HEICHRIAKLOREZIT O~y R 1AL EFE
B 2 AN ENTEY, ~y FBIZNEITTEMR L o TWnd. =5y MEE Ry F
I, ~y FEEEXRF LT =5y h~— IR EHINTNWD,

ETS-VII DX FMIES AT LT, Yo PR NFREeHMT 22 L TTFHBAEICE > Tib H
WREEMEEZ RO TS, RVR TIE, AFxy=r 7LV —FRE2IRTFCH—F
N & G Do BB RS 5 F RS ER &4, PXS TIE, CCD 41 A 7 J8# 0 IS YETR % Bl 4 Fid
L7 LED ORBDETHY =7y MEEZRE L, ZTORHINEEZ CCD I A Z THMT 5 HXn
BRI, BIZRy X7 72—X2BWT, #ilET —% % PXS KON RVR X756 Hifs 4
HZEMTE,RVD TG Z VT A AN FyF o TiEFICEWTRERLFHMFERICLDTE
PEAREDR LTz, WfiiEt o OfEERIT, %R 5 RVD EBRT AT L7026 OFRICESWTRIE
LTWa. UTF, MitrdofEizonTik~ s,
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Docking Mechanism Latch

Food Light

Docking Camera

Rendezvous
Laser Radar
Head

Viewing Camera

Proximity Sensor
Head

Docking Mechanism
Handle

N Rendezvous o

Laser Radar
Reflector (near)

\ Rendezvous

&7 - Laser Radar
7@ Reflector (far)
=\ -
WCA=F=1} q
Viewing Camera Marker F'rommrtv Sensor Marker
1.7m

Target Satellite

Fig. 3-4 Optical navigation system
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341 S vT7IJL—4 (RVR)

Z 77 L —&(RVR)[36][37]i%, IEHRADL —HF XA F—FEHLZL—FL—FThH5b.
RVR I, 660m % Tk PEMEE & =T 4deg D =t — L RFEIN TEHAIT 5 Z & A TX 5. RVR
X, ~v F#8 (RVR-H), B EIEEHRVR-E)LRY 7L 27 XD 3507 arrR—*x2r kb (Fig.
3-5) MO SN D. RVR OHRER KX % Fig. 3-6 |2, RVR @ EZfLEE% Table 3-1 1277,
TFICHE RVRYy 7T arR—x b OiEMERT.

RVR-H 1%, L —H%EROZEHREZA L TWD. RVR-HIX, H50mW 08k L —4F %
RAWizim kst (F K : 810nm) Z 4 TEMA ) 8.5deg O = — L RFEIRKICHHN T 5 DT, AF% ¥
Vg E A L CWaWY UL RigE L o TV D. L—FE— A%, HEEEZFHIT 720,
15MHz & OV 14.55MHz THREAEFH SN T\ 5. RVR-H X E 7, ¥ —4F v MEEIZERY T bh
TZCCRT LAMLOR N EZETSH. ZENITE, "—7IF—T2RIILCCD~DKEK LT
NT =T 4 M AF—F (APD) ~DNEEIZ/ T i, CCD X, RN D 2 WAL % i
ML, APD IZLV—¥HBELBREL, 26T —XIXRVR-EIZEEIND. 72, RVR-H IZ
X' 7 F = v 7 A% (Self check mechanism) & ND 7 ¢ /L& 23 Bofig & v, B (X FHME O & IE
DODEHWT, BEBEEINZNHEINOXAFT I v 7 Lo Y ORI OKETHEREO BTl H S
5.

RVR-E 1%, {7, MHBESEOFHE, RVR FEBORIEL T LA MY a~vy F#EEZ AT 5.
RVR-E |%, APD X° CCD 7 — % & [\ T, MBS, LOS M DR R 217 o . §Hll 5% % Fig. 3-7
WoRd. £, MXRTEEBEICE L CiX, RVR-E (ZHI#E{E 5 L35 (Range Data Processing Unit) T4
B S AL7-26(E B — A & RVR-H O JIEEZ {5 %5 (Range Measurement Receiver) T3t L72% {5 &
— L L OMHEZBRI L, EICZEOMMEZ BT THSHEEZ HHT 5.

R:%M 31
1R CTHMT 256, 1I0mOT EX 2 AT 4 (RigEM) 2£E T 20T, HIEFFICIZT
EX a2 AT 4 L T2 HIZ 16MHz & O 14.55MHz @ 2 AR CRENZIT 5. 2D 2 A3 CRHA
LEHBATH3BMOT v EXal T A BNELDZ LIC2DD, Tk, RVR-EICTOHHREL

TREEOMEORE L ZERBEL KT LI LICE>THRELTWS.LOSAHICE L T,
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RVR-E |%, BEBLHFEZHNTCCD 7 —# DR E1TH. FHAICH7ZY, RVRIZ LD #
DA TO2MEBERGL, TOESELEDIEILE ST, KFE /A XEREL TS, K
ICEDENENGE TN T38RI N — T D FiEE o TEHGLE L TV 5, KK

RVR-E X, K&HD CCD Lo XY firi@% tH/ L, RS-422 #/° L C GCC |Z{x%7 5. GCC I

WX &2 AW TR T mAE Az, ElZ2HHT 5. RVROFHHIEIIX2Hz TH 5.

Az =tan~t (ij
f
3-2
El =tan! (Y?] (3-2)

ZITC, X, YiZCCDgmnhiE, fIXERAEMTHDS. RVR-RIZ, ¥ —7 v MyEITHE#K S
M, 2HOY 7 L7 bS5, RVR-R-1 (i BRI RF 26 &4, RVR-R-2 13T E
BERHHIBEICME ) S 5. RVR-R-1 1% —3 5cm @ CCR24 H XA FA#EEL & S 7= CCR 7 L A T, *
HERVR TSNS, RVR-R-2IZ2MH Y, ThZN—i2cm ® CCR1 HTHER I NLD.
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0.09m

RVR-H RVR-R-1 RVR-R-2
Fig. 3-5 Rendezvous Laser Radar (RVR)
Self Check
Mechanism ND Filter
ON/OFF ON/OFF ) e |
Drive Electronics [¢ I
I I
TT] Range signal
Range .| RangeData
RVR-R |« 0 » Measurement /_|_' Processing Unit
Receiver
RVR Reflector J—l— T l
Far/Near
Data Management
»| Interference (16bit MPU)  <4—
- Detector I To
Laser Diode y .
LD Guidance
53 i CCD signal v Control
Direction signa -
» Direction Data
Measurement | | I Pr;)ceslsin Uni Computer
- . g Unit
Receiver CCDdrive J
I
LD drive
Light Transmitter Light receiver
RVR-R RVR-H RVR-E

Fig. 3-6 Schematic diagram of RVR
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Table 3-1 Specifications of RVR

Item

Specification

Emission Device

Laser Diode
Wavelength: 810nm+/-3nm @Tc=20°C
Output: 50mW

Receiver Device

Range measurement: Avalanche Photo Diode (APD)
LOS angle measurement: Two dimensional CCD

Acquisition/Measurement
Condition

Relative range: 0.3m - 660m

Field of View: Range measurement: 3 deg in half corn angle
LOS measurement: 4 deg in half corn angle

Relative attitude angle: 15deg max

Relative speed: 0 - 1.0m/sec

LOS angle rate: 0 - 0.5deg/sec

Acquisition/Measurement
Performance

Acquisition time: <12sec
Measurement rate: 0.5sec
Output delay time: 0.5sec
Range measurement accuracy:
Bias: Max( 0.1, 0.001-R) (m)
Random(3c): Max( 0.006 , 0.0034-R%% )(m)
LOS angle measurement accuracy:
Bias: 0.05deg
Random(30): 0.02deg
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:At:

RVR Reflector ._ ,
Laser Diode /
| Trarhsmit:ted Beam
i 5 S Half Mirror
Y pixel [y
I e |
X pixel v

CCD Image : |
APD Received Beam

Fig. 3-7 Measurement principle of RVR
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342 EFEE Y (PXS)
T (PXS) [39][40]1%, LED 7 LA 2R E L THWERE R I A TV THD.
PXS %, FHXTEEEE 10m £ CTOMXIEERE L, MxFEEBE 3m DIN Tix 8deg F T O X & E % 5
THZLEBNTED. PXS 1L, LI~y REPXS-H), &t 37 n 75 5080 K
(PXS-A), & v VBT EEE(PXS-E), HHEE L ~—HPXS-M)D 4 DOY 7 2 R —*x
VMBI END. Fig. 3-8 I PXSORET v v 7 XA T /T Lk, Table3-2 (2 PXS D EHE
(IR X7 B
PXS-H (%, LED St Kk OV Jeikies A9 5. PXS-H L, Fig. 3-9Z/r9 L 912, CCD 7
AT OFEVICHTHERE ST 96 D LED 7 L A 7 52TAMA K 30deg D =1 — L RFEBIC /3L
HxaHHT D, 2V A L — ME 2Hz T, BAOLOEEIX 640nm THSH. PXS-H (% —~7 v bk
BEICHEH SN =57y b~ — T (PXS-M)D» D DS % CCD 7 A 7 THRig 5. B sh
B DOESRAETILPXS-AICELNTAD ZEfishicdh &, PXS-EIZELNLD. PXS-H I, &
WE2FRMDCCD AT HAFLTWT, BUESNFHAIERZFHHITE 5 X 9, JAv FOV(30deg)
EALTVD. ZRENDONATI2E, RVRRKE L OFHaRET D720, N RART 10
ZNEEFEINTND.
PXS-M 1%, Fig. 3-9 12" T L8V 3RIL~Y—HTHDH. PXS-MIZ 7T HOME~—27 DAL
, HxDO~—713F100um d uCCR 672> TH Y, LED 7 LA 6 O %2 Fim 43
L. L~ —2 3o~ —7 X0 1EBRERWEIICIRV T onTEY, o6 >O~—271%,
D=7 LTHBIZ3 Yy hO~—271250300 bh, FHURIZIE, Th~—27 &
U TCTRIRSNDMD 2 oD~ —7 Zflio T, MHILE, BHE2HNT 5.
PXS-E I, fHXIZE, BEDOFE, PXSHEHBOHBEBEL T LA M) a~vy FEEELHTS.
PXS-E 1%, PXS-H } O PXS-A IZHil{H{E 5 %225 0, LED X° CCD 7 A 7 OBR#E #4175 . £ 7=, PXS-E
TN OHRAERTL7-DIC16 Yy F MPUZB L TWD. fl#EFFICIBWT, PXS I, LED
Fr, LEDA 7D 2B EREGL, £nth, EOONTBEET2MHLIEZS L, Eox Lo
T/ A X %BRET L. 20%, LERFHNEEICY o FUE2REL, URIE, €67
T 2 b LBEg 26> C, BEEABAIT 5. PXS-E I, HEhiEBr[38]0 R/ ¥ % o 1k
S TIOO~—7 O LfiEZFEE L, HE R NEBEZFRET 5. FHEMERIT, RS-422
/L TGCCITEBNS. PXS OFHEMIL, 2Hz TH 5.
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M7 &, W8T, Bl L72PXS-MORIRENT 3 oD~ — 27 OFLNET — & KON T HPXS
IZA 7y N SNTZPXS-M~ — 27 OFLEE# A AW T IO X 9 IR T 5[41]. Fig. 3-10 12
HPM AR Z 7T, £, PXSHEEHID 3 SO~ — 27 OEFEP, (k=1~3) % [RREERTET

Lxhth,

P :[Xk Yo o % 1]‘ (3-1)

LD, TNLORPBEEOREET D L&, TOEHTINTROEIICEKRT I LENTE .

10 0 x 1 O 0 0
T 01 0 vy, |0 cosg -sing O
1001 7| 710 sing cosg O
0 00 1 0 O 0 1
cosd 0 sind O cosy —siny 0 0
R — 0 1 0 0 R - siny cosy 0 O
7| —sin@ 0 cos® 0} v 71 0 0 1 0 (3-2)
0 0 0 1] 0 0 01
P OBE LK VEHEDOFE R, PIZULTOATERIND.
R'=T-R,-Ry-R, - K (3-3)
=77, P& A TG EOEEHDOBRICIIUTORERD 5.
H, =C-R' (3-4)

T CHEHIATNRIA=Z LTINS x4 {THITH A THIZERIOF ¥ VT L—3 g I
FoTHEHEINDZBEMDOITITHD. (3-3) LOB-4)RX LV, PXS ~— 1 ONL{E & VR NE
L L72%E @ Pk OB AL EIZRATRIND.

Hy=C-T-R,-Ry-R, - K (3-5)

ERCE, X, 0y, 0z, 0, 0, yOBEORMOENRH VY, 3ELU LEOP EHODMARDEIZE -
TINHLOEERNT LI ENTED.
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LED illumination

LED < LED control | :

3D Marker // | T
(Micro-pitch | CCD Driver¢————— CCD Drive
CCR) | ™, 2DCCD ﬁ CCD | | Controller

control
™A CCD A/D T.v
> o
Converter cCh Image T »

Processing Video

signal Out
Ty

CPU 4¢—F—>
Guidance
Control
Computer
I/F

Reflected light

PXS-M PXS-H PXS-A PXS-E

Fig. 3-8 Schematic diagram of PXS
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Table 3-2  Specifications of PXS

Item Specification
Emission Device Light Emission Diode (LED) array (96 LEDSs)
Receiver Device Two dimensional CCD
Acquisition/Measurement Relative range: 0.35m - 10m
Condition Field of View: 6 deg in half corn angle

8 deg in half corn angle (Non linear)
Relative attitude: 4 deg max
8deg max (Non Linear)
Relative speed: 0 - 0.05m/sec
LOS angle rate: 0 - 0.5deg/sec

Acquisition/Measurement Acquisition time: < 10sec
Performance Measurement rate: 0.5sec
Output delay time: 0.5sec
Relative position measurement accuracy
(R: relative range)
X:  Bias: Max(0.01, 0.022:R) m
Random(30): Max(0.005, 0.005-R) m
Y,Z: Bias:Max( 0.003, 0.005-R ) m
Random(3c): Max( 0.001 , 0.001-R) m
Relative attitude angle measurement accuracy:
Roll: Bias: 1.1deg
Random(3c): 0.2deg(<2m),
0.4deg(>2m)
Pitch, Yaw: Bias: 0.75deg (R<0.5m)
(R-0.5)*0.1+0.75deg (0.5m<R<0.75m)
0.85deg (R>0.75m)
Random(3c): 0.2deg(<2m)
0.4deg(>2m)
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a) PXS-H

b) PXS-M

Fig. 3-9 Photo of PXS

P2

PXS Marker

P1

H2# ,H3
-

CCD

Fig. 3-10 Measurement principle of PXS
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35 AEMEVRATLICHT HERDH

ETS-VII ® RVD EBRTIL, F = A HEIE, ¥—F v MEENLERK Ikm L 2 A0 5
BT 5. SO E T, T EF#% 6[E 0O RVD £ Z4TV, HB) RVD 225 Ao 85 5 1,
FLTE B B AR B A, B A BRI I oW TR PEAYICHIE ETHREET 5 T E THh - 72[42]. Fig.
3-11 |Z RVD EBRRATOFHBERIT T 2 7 7 A V&2 RT . F = VHEIL, Table 2-1 T/RLEH
EHTEHIE TR EZ W TCHE RVD 21795 . ETS-VII Ofiiky A7 A%, Ao &80, GPS
XHfliE &, BFEMIES AT A MBEDETMEC AT 2AEZEALTEBY, BFMIES AT L
%, GPS A #iii%IC & 5 TF (Terminal phase Finalization) ;S ~DFAND K v ¥ 7 £ TOH
Lzt 5.

Relative departure

V-bar
VI TF , Tl
S
\ 9km
MC4 K DO

MC3 Relative approach 1.426km

MC2 MC1
DI
v Earth MC: Mid course maneuver

Separation — VP — Relativedeparture —» Tl — DO — VI — V hopping— TF — V-bar approach
— VP — Docking (6 revolutions after separation)

Fig. 3-11 ETS-VII RVD experiment flight path

HFEMAEY AT DME, JBEEL T = —AL Ny 7 72— ATHEMSHh, ThTho7 =
— AT, ORI LV EFEFETEPFASND. RVRIZ, FflET 7 = — X THA
S, PXSIE, FyF 7 7=2—XATHMAEND. FoA VHEIIINOHIEL T 2R
BEZIG CTEID B X8 5 RVD 21T 9. ~Y RA =KL T, F=A VEEITHBNIC
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NELAG E D @ W HiE o Ic8 0 Rz 2170, A, RoOMiEE o ORI X v /)
S BRDLEIITHRFFSN TS, 22T, UFERTEIICLT, £7=—XITHBIT S RVD
BRI D IFEHIE L AT MIRT D ERERE LT,
FAHET 7 = — X Tk, F=A Ve, ¥—47 vy MaREMOME, EELZHET DD
R C ol FIZ L 72 GPSHI X TIE A ER A S 4v7-. GCClE, GPSHHRFMLkERE R Iz F S & HILL
TR OCWEZ AW CTHER 75 2 515, BUESIE A T X 2 217> C, F =4 ¥ #HE%ZRVR
DI TRE R EIRIC AL, R 7 = —XICBITES /5. Fig. 3-12 IZTFRICEBIT 5 & ATHE
AR F oA VEEE, TRARICEB W CGPSHXHIER RN D ¥ — 7y MR & O E
MWRMMHDT, FaxAVHEDO Ny F 2 7H, $ROHBRVRZ X —7 y MEE T MIZHM L,
RVRTH#—5y MR EZMET 5. 22T, FoaAVFHEL X —F vy MaE O LREB AN K
TV L—HNodihe ¥ —ry MERIZERL TV a—FF%2—7 U 7 L7 ZOT AN
REL RPN EPMRTT 5. FRICHRFLREN 15degr iz 2 & BN EFELIEFTTHZ &
DB, TERBEAGRZE EFHMEROBBRIIRNG-)THMNENS. 22T, Rreld¥—47 v Mk
MOTFRE COMBEAE, orelXTRABEAREL AT

an 1?—; <15 (deg) (3-1)

WIZTF = A FEEN Y —F > MMERZRIMN L72E, GPS fMXMiERRZED - DI MERZEMN
ETD. ZORABRZEICKH L TRVRAFHUTE S X927 5729, RVR O EFERIE, X (3-2)
e T HMEND L.

FOV = tant_2ePs (3-2)
TF~OTF

T Z Toepsld, GPSHIMMIERZETH 5. (3-1)(3-2)Mi ATl S D72 0ITIE, Riek K& L
THERWD, RelXFHMICHMA AR L —YF AU —THIKIND. TRRIZIK T 2 GPSH xt
WUIEFRZE (Ggps) M O AGRZE (018) DDENZN 20m&L M 80mE RS b7z 2 &, K TRETS-VII
B JE M IR IZ 50MWIR D L — W X A A — RBAFHRETH 722 &6, Re%x 520me L, RVR
x4 3K AETable 3-3 D LBV FRE L 7=,
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Table 3-3 Requirements for RVR

Item Requirement
Relative Distance >600m
Line of Sight Angle >3deg
Relative Attitude >15deg

Pointing error by GPS relative
navigation should be within 2.6 deg

Approach corridor is limited
by reflection capability of RVR
reflector

FOV

TF(520m)

R " Target Satellite

— Maximum range is limited by
RVR ranging capability

Fig. 3-12 Handover point from GPS to RVR navigation

WA, WAL 7 = — A O % Fig. 3-13 1287 . F = A VHEE, EREGEFEH % F -
TH—7 v MERIZHEET 5. RVRIE, XL OH# M (LOS) AZFHHT 2572003
ol LTHWLILS. GCC X, RVR, ESA KOV IRU & AT, i f 5 o F 7 & & OVl
FEAEHETH. GCC 1L, TN OMILIZESE, V-bar - THRE S EEHEICZE -
Mg, HEa~y REEKT 5. F = A V215 5~10cm/sec D EE THEUT /BEML %2 1T 5 . V-bar
B/ BENL L, F A PRI —F y MERICK LT LOS R 21T 5 . mEMICT =
AVERIT VP R 2m) IZHEL, FyF o 7HE7 2 —XICBITT 5. VP R TIEL, RVR#
LD D PXS HLIEIC N RA— "4 % 726, PXS O #HFE (LOS K& OVFE %ML #Y) 1 Fig. 3-14
273 LB RVR DFHAIGEE L D KESHEEL TWDH. VP A~OFEAKEEIL, X HAALiE 0.3m
LR, YZ JGACiE 0.2m LAF, 3 0.0lm/sec LA F & ZNENHES N TN D, VP RIZEWNT
X, ZOHEAREX, LOS A F o I3FHxHES T 6.7deg IZHHY T 5.
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GNC function of the Chaser satellite
@ Navigation :RVR navigation
@ Orbit guidance control :V-bar (Reference tajectory guidance)
@ Attitude control :LOS pointing control FOV of RVR

Chaser satellite

Range: &=3deg
LOS :=*4deg

Departure velocity: ~10cm/sec*

—

V-bar & :E
X e

TF(520m)

Approavh velocity: ~10cm/sec*

i S Y

—_— PP(30m) VP(2m)

Terminal phase Finalization (TF:520m)

Target satellite

vYZ

Attidude control of Taregt satellite

Switch chaser’s navigation from RVR to GPSR -Earth pointing control
in the relative approach phase.
Invisible Visible
[ [ [ | TDRS visibility
< »le—le ple—rle—>
80min. | | 10min. | | 3min.
10min. 10min.
* it is necessary to force upward by continuous actuation to A o~

overcome the effect of coriolis force

Position keeping

Fig. 3-13 Overview of final approach phase

X
(Flight Direction)

PXS : Acquisition Area==8deg

%_?:r'n Injection Accuracy at VP o
e Y, Z<+0.2m, X<=£0.3m Z (Earth Direction)
2m (LOS or Relative attitude==6.7deg (max) at \VP)

VP(Vicinity Point)

Fig. 3-14 Handover point from RVR to PXS navigation at VP
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Ry X 787 =« — XOME % Fig. 3-15 IZ/”" 7. Ry ¥ 7 #iE7 = — X%, VP (Vicinity
Point) M BRSNS, Ny 78T ERMT 2EANTIE, Z—7 y MR o REH#HN
TAE—TNAIN, ToAVHEIL WEEO Ny X Tz EbE 5 X 5% 6 B HE
L2254 lem/sec T —7 v MERICHITT 5. PXS 1%, W2 OMRLE, L5545
ToHvoERCYELTHENESND. FaAVHREIE, 7y MEEDB Ry X 7 HED
WEEIRICAD &, BEBMICATAZ 247 L, #—47 v MRzl 5. Mg ~o%
ARG, X FRALE DS 5em LLF, YZ JFIRZE DY 2.5em LUF, @2 Smmisec LR & HE S
nNTWas., —F4, FEEOBRICE, FaA P EEZTY 7y MEENGK 1.8cmisec DL ThHy
Mt . SBEERTICE, MEROHIBEAT  t—7 v, FoA FEETF Y 2 7 HE
DB DA~ R Y 7 b LTV, flEERAE L 2 ATTF = A V- EE T B B
A X—T VL, PXSHUEIZESEMH 6 AMERBARHKTS. ERLzLEY, HBETH
HWVIE Ry F o ZHIImEROHIENT =7 EN2D DT, O MFHHLE 5 L5 E
DR T 5. FRICOBERFICEB VLTI, Ry X ZHIEOMEEICRY 7 hEXEA S 5 [43].

T oY OFHRIEEE, S )7 MEBZIANA—T 5L CRESNTEY, TOKRK
LOS 1 ¥-TE 4 8deg, FHXILEEGMIMAIX, 4deg (FEMIEMENL 8deg) IR T L7-.

GNC function of the Chaser
@ Navigation :PXS navigation
@ Control : Relative 6 DOF control

Separation velocity: 1.8cm/sec

Target satellite

'S
-/

Chaser satellite

FOV of PXS: X8deg >

Approach velocity :1.0cm/s v Z

Vicinity Point (VP:2m)
Switch chaser’s navigation from PXS to RVR
in the V—bar departure ( Final approach phase).

visible
[ | TDRS visibility

10 min. 3 min.
Position keeping Docking and Approach

A

Fig. 3-15 Overview of docking approach phase
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3.6 XEMEVATLOREL XL

HFMAIET AT 2L, BERL—FEOBREME > ZHIEICIES, BRFERMIESKER Ny
FUTERIATED LWV STEMEAND 5400, HFY AT DIRBINRU T D 2 >0 FE R R
R REBERH -T2
(1)J6 5 F ¥k o [k

CHLE 2 TRAT 3 2 FHi H O LB & 113K 100 pRER o CHEERBIHRARRSH D, ki
AENODORGIETWEZT L., P PO F TR EE L RERSD D.
(2) YRR O Bl ST

FHEOMHALE, REBOLBFHME CEHANCLER B A MR L, FHAICSEZ A Chn

T O0END D .

3.6.1 XFEFH

WL, KRB TFHEE YT HO 2O TFENFAET D KRG TEIE, KRG E#E
HFE IR T D, WX, =5y MR T LIz KB t2 es e o HIcAH L, &
HIEE 25 0 29, KimXTIEATHE 2 KRG ES 3, 52 KBNTWEERT L. B
FHEFHE, BN oA tOr AT D, vk, B EHOY 7L H
D) T LI X ERERET 52 LI Ko THRETS.

KBTI, FoA VR /"Z =7y MEROPLEME ITKF L TRAET H. —KIT, ETS-VII
OEGE L BB RA Of R L, (3-3) RUTRT 12 (HUER R ¥ O B sAE PR 0 zh R A KT
EH) 1T K DA [ER IS , ARERBOBBMBEL, TOFREE L CiuER & KBTI
EDRTA (BA) BN+ ROESTESEE S 5 [44].

3.5
: r
O=-9972| (1-e?)cosi
(rj( ) (3-3)

e BELR, i WOBEMAMA, ro HUDHEEE, re ;o HIBRER
ETS-VII i%, &£ 550km, #LiE M RH 35deg D MELEZRITT D2 &b, BEAHIEH 50 B
L& 7e %, Fig. 3-16 (2 ETS-VII @ B MEREHFEH 2 ~3. F7=, ETS-VII X, #EE B 100
DREECHIERAJEFET 5. 207, Fig. 3-17 I X 5 IZHLEEREIH, R4 2 A E 6 K
JER AT D R OBENE & KB 7 O BEER A HJ7 KBERF (Local Sun Time: LST) T&R
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&, LSTI8 WFfHEICHWT, F=A ¥HEICHEIWL T o HICKIGEN TN LT
LAREMENH D, FH CKRGEN 22T 5 & XMAENTZOICRITRRB SRS Fv. Fr
e ORIFEFTHDH CCD 1T REIFINAH Y, FTRERIR Y KIGE S & BT 2 LENR H
. F, KBERTWOSE, RFHMEBENTE i~ T2 gERT 2 2 & IXRE R 2
Eb, RVD ERROENiZ p AN NEFEE PO FOV L) KREWHIRICHIRERT D Z & & L.
BARMIZIE, KGES T W28 572 %, RVD E£EGEH % B /425 25deg UL E O FEIIZHIBR L 7=
Fig. 3-16 TlX, EEIOFEBEMGIFKIN 25~36deg & 72> TWDHR, THITBANKELL D L
FREFATIC O REEREBINEGEON R R LI THD. —J, Fig. 3-17 IR
TEOWKE, F—=7y MERIZITRA RAKENO REIEH AN, KFNT 5. E-T, KEBRST
WHEEBRBEHIC LS FRAEL, FHRTEIT L Z LIXTER Y. 207D, KFEMET AT A
X, KEBBERSTFHRE LT, UToxRzmsz & e L.

W72 —=7y MaEENL DKRGKHNTFWHHELERBT 5720 Ky 0 7V HOIEEI S RE 20%
UTFEL, ZRZERT LD =7y MER Ny %o 7 HOWBMICEEA ML (Multi
Layer Insulation) Z£H L 7=.

@FEHEE T O HBITAN S RRRATZ oV ZEERHL, P2 ERUCEEDOD R
WL, RORKGNERETD.

@)Y PO (L—V £ 71X LED) o4 v /A7 0B 2 R&E L, £ O %
2oL THHBRERET .

FIZ RVRIZEWTIE, AR THWNN AN LS A, Fig. 3-6 IR T LOICND 7 4 V& %
AL CTHRIELIWELZAL TWD. EhFHEE X, KRBT ERITE S PRTER
RAELIGE, T 72T oELZA L T\Wd. RVR, PXS L, Tk kv BE 4 &

gL LTSN 2 BEENEINT 2R 28] L TREOFELZ K L TWND.
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Fig. 3-16 Beta angle trend (Angle between orbit plane and sun direction)
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Fig. 3-17 Sun light interference and Local Sun Time (LST)

40

Reflected



PXS~¥—#RVR U 7 L7 XL, Fig.3-18 2" T LBV M b ¥ —F v MgED Ky %
JHIZRO 6N THD., ZhbizEbICCCREZFMALTEY, HREAMZALTWS.
ZDRDH, —HOXFRCIRMON TR VDY T LI X ERRBT LT TENEE D
AREMER D H . Z Ok YT NI R LTI, KRB E S T30 KGR T3 TH o 7ok SR A
BTIERW. E>TPXS,RVR &G, V7 b =7 TR UM TFHZHRT 23R4 M L

RVR 1%, BAFIZHRR2 2 2D HIET PXS v~ —h &R L 5. £9°, BIIFIZIEL, RVR
HEREEY 7L 7 AR B REVWY T LI X ROT, KKEEOY 7LV 2 E5AGDY) 7L T4
ELTHiIRT 2. ZORITBESPFHHT 2HEBECIS U CEEIZR Y 7 L7 &2 2EIRT 5. TRk
U7 VL7 2B D80, Y FRALEN PXS~—27 X0 KEWDOT, ZhIZXY, ITiEH
U7 L7 X ERIRT 5. MBS CCY 7L 7 Y HifEEHEL, 2L PXS~—h %
HEBR T 2 .

Flz, PXSIE, 7TO0~— b LORITENHDL~Y—2 CaEie3 2O~ — 7 & EHEHIC
Jo U CBIRL, X LE, B2E2HEHT 5. ~—270O%RRe Yy 7 X Fig. 3-19 1 R-T &80 T
D EARFICEBNW Ty — WO/ EIT O %A, PXSITA-C-E~— 7 IR L T ZAT 9 23,
ZDOKE, RVR OEEEEHY 7L 7 %% PXS O~—7 L L TR L T C-E-RVR(Far) Zi#4R L 72
WEDIZT HMENRSD. 2D, PXSIE, M7 4 V20~ — BRI & vwotor vy
JIZEVBAHEO~— I ZRIGER T 5. HEZ7 A LVZIL, ~—TOHEMBE~— I ERO2FEL
DIEHAL, ZO—IRARTELINENHET D Yy 7 ThDH. ~— I R, 7
DD PXS v— 7O LEREOLEFHEL, FHRNCSLER~Y—TnEHET S, RVR
OEEREHY 7L 27 2 2RRB LR NWTEOIcl, RAEZWMETLILERDD.

Re . Rrvr
Rd -Dde Re-Dervr

(3-4)

PLEouayy 712k, PXSIZRVRDY 7L 7 Z 28R+ 5.
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Docking Mechanism

N r—— - ) Handle
@mn--& nm—a
D1 =R
@  Rendezvous
Laser Radar
15m Reflector (near)
i ™ Rendezvous
. Laser Radar
A= — Reflector (far)
% &
v _@ b | EI
Viewing Camera Marker Pmmmltg.r Sensor Marker

<
<

>

1.7m

Fig. 3-18 RVD equipments on docking surface of the Target satellite

(Near)
PXS Markers

o R Re Rrvr

1 X / (Far)
Dervr
/ B Dde

A B C D E
(Near)
ACE
RVR reflector

B,.C,D

avcvﬁ —

. 10m
Docking Relative range

Marker selection logic

Fig. 3-19 Arrangement of PXS markers and RVR reflectors
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3.6.2 FEI#REFE

JEEREE Y TH D RVR LUVPXS 1, fifih L—P WL O LED Yea & —4y MgROY 7 Lo 4

(IS L, ZORESEEFIN U THXILE, B8FLFHIT 5. 6> T, Mt oOFHllgEsmiN <, @)
PRI R AT 5 2 ENEETH S, ETS-VI OIEEfiEY 2T 2%, FHIAE CRbERSW LG
FEYEOBOTEE L T 579, RVR TiE, L=V Lo V774 FDEICAFT Y =TT 5720
O 2 FF= 3, L—Y a2 FHIBREF N O 20— ARITIRT CTHRES - FHIZAT 9 A2 T 1 v 7 2 A T35
SNTD, DT OFHUFEBN TR EME T T2 LW odEN H 72, —J7, PXS TiE, HFRD
BHALZET D728, AT DEYIZ LED 7 LA ZPEELE LR Sivlz. £z, PXSIE Ry
X2 7 R T A 72O m ORI E N ER STV S (X ElF W 1em, YZ JiA 3mm) &, i
VRO R SVE, BAIIEHTHEL 0 IZ L DRI D=, PXS~— L LCTp BT D CCRMBEH SN
7. LrL, p By F D CCR DA, CCR ORI RO, TR T LED-CCR-U A 7 [ DH#f
AMRKRELSRY, o b7 VT 4 N7 Ry XU 7B TR EEME T T2 &0 o ENAET
7o ATETIE, TN DIERNMEZ & 2 DU TR OB 288, a2 R4 & & b,

ML S 2T DDA 1% OF B~ D T v REME 27”4

(1) RVR

RVR 1%, #D L —WHAE4TAMA 85deg D 2 — AMREWHIZIAT TS L, #—57 vy MERIZHE LY
TV ZInbOREDEAFHL, ARG EREE, AT A ZFHT 5. Fig. 3-20 12 RVR OXEHRERIC )
DM 22 7R g
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CCR

Oc

0t=4.25deg

RVR-H

Fig. 3-20 Definition of CCR arrangement

T, B ENA V=R, TUAE—ATRIZATONTZHDEET S, il CCR 5

MORTHTHY, CCRIZBITAFEREFHREEZLLLETDHE, LIFLLTORXTERINS.

2 26c?
Lt =———-exp| — -Ac-Nc 3-5
T *R? p( a? ] (39)

RIE, Y26 CCR £ TOREEE Nc X CCR Offi#k, Ac X CCR OAMNKIHEHETHS.

I,
—J5, V7 VLI EMNSDRIEDT o F 7 B TOZIEE, CCR NEHRKIEEZ A% 2 L2 Fig

321 DX HITB.
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Rendezvous
Sensor

Fig. 3-21 Reflecting light from CCR

RVROZIEHFZRD 4% 1y, CCROFUIIHE D% r T 5L, 2reddrg k0 KEWIHAICZE
BERIIIATERIND. KIZ, CCRMOLDRFIENZ I AN T 5 £ TCOEBBEREZLoLT 5 &,
Loldik X CEEIND.

r 2 r 2
Lo = R ~| L2 (3-6)
O xR 21,

T, 0x3, CCRTRFLIEE—LDIENVATHL. ZHIZEZFERIIHEASIATND

CCR, 74 N%, 37—, Ly REoHEKLrczMzinid, BEKEZHETLIZLENTXS.
HIRDONT —Z Po &3 HIE, ZHAMTREARRAY—F, UTOXIIIREND.
P =PoxLtxLoxLtrc (3-7)

Z I T, RVR Oy, I, =21, L3%ET 5 &, CCR OEEENT D Z L2k - C, B &l
s eMnTEDH. AL, (3B6) RiE, KEFEOTF TR LODHTH-T, EEUTIE, CCREAEN
FESF BB 6 LT/ SR B BAIIE, 7 LR T T U —7 7 iR A2 BB L T bz
V. ZORICE o T, Mk 600m TlE, 1~2dB BREZEENMETT L2 ERNbhro TS,

IR T FRER /N —P & ) A XL & D SIN 1F, Hi EFRBROAE R K OMIE R8T 5 RiE
ZEZT10dB D~—T kT 52 L2 HfF L.

45



(2) PXS[45]

PXS %, Fig. 3-91Z/r7 L0, CCD H AT DEVIZLED 7 LA ZHEEE T 2iiEE L > TkY,
HIR & 1 AT DA BICEE STV, ZhuE, Bz ekl L0 EEEEm ESE 5 2 L&
HiJE LTnb. UL, CCR OFIFEFEEZZ 22 L, ZOL ) RELE TIE, +oR iRt
BLONRREERZ LG, Z—4 v h~—HI2E, p By F D CCR ZHWIZFHA (A2 1 CCR) %
M2 T, 77 0hR—7 7 BFRIRZRBANCAH L TOtEOMEZ K > Tns. w71 CCR
I%, CCR OBy FAVNEWDT, ~v—7 Z#HRRITINTT 2 Z L3 TE, PXS O & 5 72§ L 4
IOy o TRERFIRE RS TS, BT, CCR ICK DI DFEEN/ NS N &2 D &l
FE 72323 147 C & 5 [46].

PXS Ok & LTIk, EERICERMA LG A (a) B, (b) St & CCD otihx &b 5,

(c) K zEX—5y MEEMICEZEL ol FEARBZ2ONE. b FXROBME % Fig.
3-221ZT. ZNH 30D FKUCHONT, VAT AT V=TIV Io—-FiEELTHVWLR
% Pugh method [471% H W CTEEAM L 72 #5 2 % Table 3-4 (27”7,

46



Electronics

e

Electronics _,'
2)CCD Camera b)CCD Camera
/light source /Light source

Not co-optical axis

Co-optical axis

Electronics l

Target Satellite

c)CCD Camera
/Light Source
Separation

CCD Camera |:]
Light Source (@@

Fig. 3-22 PXS configuration

Table 3-4 Evaluation of PXS configuration using Pugh method

Evaluation Item a)CCD Camera b)CCD Camera c)CCD Camera
/Light Source /Light Source /Light Source
Non co-optical axis | Co-optical axis Separation
(PXS)
Performance
-High Accuracy S S
-Light Weight - -
-Optical Performance +
-Optical Interference Reference S
-Target Satellite Resource S -
Cost - -
Development Schedule - -
Reliability - -
Evaluation Points of “+” 1 1
Evaluation Points of “-” 4 5
- - Reference
Evaluation Points of “S” 3 2
Total* -3 -4
* Evaluation Point is calculated as "+” =1, “-"=-1, “s”=0 each evaluation item.
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Table 3-4 O OFFFHMIE H Th 5. 24 b OFHIE B2kt LG (@)L o 2 F AT
WTCEH L, AL W BWESIT+, BNGAIE—, RICHAETSEZRLL, ThEh, +1 4,
=1/, OR&ELTMEFMLZ. (b)) FRix, BAFRITHTHFE E CCD U A Z7 23 [FEETH
52800, SEERSLEN @A, WEHICKHN I 7 %0 FRE2MNT 208N H 5%
MRS EMEL 70 72, BLFRUCTHARTHERE, 2 A M, FEEOH TEH > TWVD. ()0 AL
(b) & [RAEICHL T AT e R TR SE M IR E WA, KB DO RIHC & 2 T2 4 572012,
FrAFHREL Y =7y MERORB THIEALT L CCD HBD ¥ A I v T E2EDLT OO H
REATH ZEBMEERD, WESEMEICRS. L EOFHEOREEN S, SHERRENL Eo X
REZELTHLETRNOGTDREATHNDLEFRD.

PXS T & 2 AR B LG 2 BT 57012k, sHAGEKN T~ — 0 O Wi 2 @I ixkiG
LT 2 Z ENMBETHD. BARNITIE, KELFEOHTCDOZE LT L L & HIZ, PXS-H
RIS L7 LED 7 L A A PXS-M 2 & S8 S v, +453 72 & 73 CCD 1 A 7 IC A S viald 7z
H7pwy. BE&EK % Fig. 3-23 127”77, PXS-H (2%, PXS-H 234 L7z LED Y PXS-M 2 X % X
BOCLIAMT, ShELDEE LTRGBS OESE (RIBES T 2, #—7 vy MER Ry ¥
S DR ORBSFHE) AT L. AEDEON, KEBESN FEEIC >V T,
FERENEL, B ITHATHZEREL N Enn, 36.1LEH TR, KGES
TWHANAR LRMIET Ry F U ZEMAZITO LW O dilRZ&T Tnd. —7, EFEL
[Z2WTIE, PXS OFHAIFEIK21KIC B > T, PXS-M 225 @ LED KB KB TH % |
Bl %5 & D Cadt L.
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PXS-H

Fig. 3-23 Optical environment on PXS

KEGHm 2 —47 Mg CRE L CCCDIZ AR L8 DCCDH A T EDRRE L Xk
TEYD., ZZTKREBHICEDZ X7y Mg EOWBE % Ly, LKA EEK CCDI A

DFE%F, PXSONXFE T 4N EZDOKEIEEB LR raw & T 5.

L. —a. -k :T (3-8)

—7J5, LED7 LA IC X 2T, #—4 v FMEREOCCRTHIFKH &1, CCDU A T2
AT 5. £9°, Hx OLEDOBAIC L D27 —4F v MMaEm EORELX, LEDOYE %1 ep,
MY OSKfArn, #—7y METmOBHEEEZSET5 &,

w
LtLED = ILED g (3-9)

&% . WRIT, CCRM G L TCCDIZE % 1%, LED-PXS-M-CCDH D #ff (LI TF#LHM &
WIY) DRESICE S THBKHENRE 2D Z 00, HOHEBEHCEHIT 2nE HOLEDIZK T2
IR IR 5 2Ky, PXSONH T 4 V2 OLEDKFE M FE Zagp & T4LIE, LEDT L A OB
L 5HCCDH A T EOMEIL,
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n L
Lo = Z(aLED -k, - 4tIL:E?j (3-10)

=i
TRIND. UENS, KBS THT CHREIBA KT 5720121,

Lieo > L (3-11)
TRITNIETR S 720,

ZZ T, kolk, CCROFIRKHIDOMWE NG, BUHIANKEL 2D ERMIT/NE <722 FMHERN
bV, TOMREELTKHNEED/ NS 2D, FRIGEEBER X, BRlARRKE D9,
Z O BPFE L 72 D . PXS-HIE, Fig. 3-24 [Z/”rF LBV, CCDI A T DJE Y LM FIZLED
DREINTWND.

1 Approx. 6mm

Approx.14mm
y

" CCD Camera

Fig. 3-24 Arrangement of CCD and LED on PXS-H (Only around center of CCD)

Z 2T, CCD /1 A7 OELITK 14mm, LED O EZILHK 6mm T, CCD & A 7 -LED .0 D
KAEREEIH 10mm THDH. RyxF 78OS oA PEE, ¥—7 v MyEEEEITH 350mm
DT, RyX U 7RICEBIT28MMAIE, B/ THH 1.6deg & 70 5. BREFHYHNIELZ DX AITK
WA D72, X =77 b~—12 1305 100~200um &£ O v~ F g% £F-> 72 CCR £ H
L, ZOREPTEN Y FHEEZFIH LT CCD I AT ~ODARNEEZHIRTHZ L L LT, —
ISR A D7 T o AR—7 7 BHTIARAVIE, BREE A, BEBOEEZ D ETNIEUTORXTER
bihd.

0— 1.224 (3-12)
D
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Z I T, PXS O EIX, 660nm, CCR OB O#% 100um &9 2% &, [EIPTIAH Y 1359 0.46deg
THY, Ryx U 7B 528 1.6deg LV /hEL<, ITHEHNTIZY 7 AR —7 7 1%
Rz cEnwikiiTho 7.

T, THEES THE AT S5~ —72 a, pICOWVT, CCR Ol x IR Z % & CCR TIiL72
<, 3MEOEEZ Fig. 3-25 IZ/RT X5 ICAE o 720, KHEE AL DENCT )
FICIKT Z & TCCD ~DARNELZHMESE L HEEZER L.

z

nl

Xy

Fig. 3-25 Inclination modification of reflectors in CCR

S o, RO AN P L% Sin, BN P L% Sout, TEE OEBA Y b L
O (T bHEM~2 b)) 245 E, Sout ILEMEMEEALUTOXRTESINS. = 2T
| I AT % F DT

§out = §in - 2(§in ) ﬁ) -

=(1-2AA")S (3-13)

CORICAM L7 e, A2 W C3EKH LTRS = & 76, CCRICASH L% S'in,

SRR~ F % S'out, CCR OFEHEOER~Y M EZRZN T, by, 3k hiE,
S'out B AR & MO 223 5 01X KA TR E NS
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S = (1 =27, )(1 - 27,7, )(1 - 2, )S", (3-14)

cosd=S""S' (3-15)

INHOREHWT, EEIZ 3 HbH D CCR D% o T 72356 O AHEH~7 ML
KRR S o3 AadtE LR % Fig. 3-26 I 9. ZOXMNS, fEHIZ CCR DX
Wl a2 2T, BHElAOKEVIEHFRT CCD ~DAFKEEZHMESELENTED
e bl

CCR 2B D KX, Fig. 3-21 O X H ICKIRE 5. AEMIT LSS, KB N—F>
R tiT s ERNTHENS, By F O CCR ZMWIEAITAEILA Y R CCR Ok
Eoo&RhENHLHZ L, £/, LEDMIDERN /v ab—L U N ThHhDH T &b, HEEE
RERGBEP BN EEZLND.

45

35

Observation Angle(deg)

0 0.1 0.2 0.3 04 05 0.6 0.7 08 0.9 1
Inclination Angle of CCR Reflection Surface(deg)

Fig. 3-26 Inclination angle of CCR reflection surface versus observation angle
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Eib U7 CCCR I 2T 7o~ — (LT TAEMT~— ) LIESR) O AN R
MO R 2R T D72, PXS-HOLEDT L A ZPXS-MIZ K L 72 B © CCD4 i 1 % % (3-8) ~
G-LO)XICEWHEAE L., HEIIAEMT~—D E@EFO~— IO 2 FEICK L TITWY, Th
ZNO R EHRE ((3-10) R Dk,) EEREZ AW, £, BHHEOLD T oA FHE L ¥
— 7y NMERE O A, M LERENS TS THEME Lz, R R ZFig. 3-27 1T,
BRI AEN T~ — T, ERITBEFEO~—HTh D BRI RGHIC LD KHTHL LT,
Z—0y MgRE O R EZ 20%, ZEfERI3 L LTEHELTWS. BE~—1I%, TR
B TR D7 <, KBRS TSR L TREMR D noloxt L, A~ — 7 13w ik
e (FHxFBEEE 1mBLN) THatEsrfmonTtnsd. BLEXY, AEMT~~—D 2RI 5
Z&7T, KBTI oMmtENm EL, CCOOMEARMEMEZ 7 I2HRT 52 & 2R L

7=.
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Fig. 3-27 Reflectivity improvement using CCR with small inclination angle
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(3) JFEMEEFTDE &6

JEEIRRIE, 5B L~V DIKBEO ORI RN 2 2 A XU L THa i 2882 L 5 Ik
5. ZELV-ULVORINE, RO EINEE 57, CCR OEMEZHESCT EXflHcn ) 717
ZHERELTDHIEICL o THREIECT Z & TERET LS. AiEE, Rt Rae OIS a I ReE I
E% A XOEIMPEEIND—T, BEFIXR X2V HOMREEICHEEY KT T 70, EEORGHT
BleoTT ML= FETREDLELRD.

RVR @ X S IZ L= INICHIFIDN B 2556, %E, 37205 CCR DEECHEZ T FEL TR D
T LT B, Fig. 321 1T T LB Y, CCR OAHBINRNZIARD 12 L2 O LiR# T b
%72, CCREEIIMEE LT CCR DER DI TR IR 2 4% .

—J7, UTEREERCTIE 118D CCR DR & SIXEIHRAEIRICSFRDIENR Y /NS W3RV, ZhiE, CCR
BINRKREWE, ANARHET & CCR DNFHLIZTNNAEL, AT AREERK L RSO THD. £
D78 PXS Tix p > F® CCR Z# vy, FHUEIFIC 72 0 @G E R FHAZ EHL L T\ 5.

RVR, PXS & bF R TR b EHR SN LEEMERN EZEH L T, RVRIZOWTE, L—¥FE2 A%y
Y LBRWEEIDEFSR %, PXSIZOWTIE, A )8V IZ LED LR A ECE 3 2 IEFEEE =R 3 8 Sz
W, TNH Y INRNFRTHEROMRN R TH DL Z L AR LTz, UL, KERHFEROBLE) S
X, B L72 k90T, E A CIIEREERDE R KM CCR, i FRAES Tl R L% /M CCR
EFERALETDRAEREB 260D, ZIHIZOWTILS BETimd 5.

FE72, CCRITAG AN 15deg A2 5 & RIMITEEIME T D72, 15deg ZHB R 5 K 9 7o tEFEIK
W& HYa1E, CCR ORLE I A4 EREC T 2D LRPNEL 725, ZOFEIHTVETHN LR TN .

37 F&E®

ETS-VII O Y541 AT 1%, RVR & PXS OIS, =, kL7 = — Xk
Ryxo 77— CHHEND. RVDERV AT AL OERICESE, RVRIZL—F L —
X CAaTAfM 85deg ICV—HV R THE L, #—F7 v MERICEHLEZY 7L 27 200 O
JtZ CCD MUY APD T3zt L, AMHXFEEEE S LM mZ2s5t#l4 5. PXSIEH A F7 % T, CCD
AATZOFYICHHERESNIZLED 7 LA TH—% v MR EO uCCR TR L7z~ — 1 2 MR
WL, TORFGELIE L CTHMLE, BEEFNUT L. Mhot b 2% x 7 26
R, v o7t Re LTV LI O FTHARE TR bAEMR I NIFEEEIZSVE DD,
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WL EOMBENR D 572, T ZTRVRICOWTIE, L=V L —F 2 EAICBE LZEA0M
SN ERERE R L, STAIRECH D Z LA /R LTz, 72, PXSIZOWTIE, CCD W A T —
LED 7L A —CCD W AT DRMANRKREL 2D Ny F o ZiFRCRER T2 E Z S MEcxt
L, #—% v h~—7% CCR O D & % 0 ICHIT 5k #ER 2w L, fEITIC X - TEED
RaEWRALE., Dlhicky, BEEOE VY IR EMEV AT 22 EBTRETHL L
o L.
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FAE AEMECATLORRE LBELEEERIC X 55

41 [FL®HIC

JAXA (FEBREN M KF1E NASDA) 1%, 1992 I il 2 v B (ETS-VI) OBARICE
FL, SHEORBHIMO%E, 19974 11 A 28 HICHE T EFHE ¥ —26 HIlrn s> N TH B
Fr=. ;T BT %, F2EOMEMRZKT, 1998 4F 5 1999 20T T, 3EChZy, BAH
B RVD EBr A EM L7-. BAOERIL, 2mURNICB T 20BNy X 7 EBRTH Y, 1998 4
THTRHIZHEMLUZ., 2EE LK I EHOERIT, £, 1998 48 H LT 1999 4 10 A I
Iz, TNHOERRT, FoAHTHEIZY —F > MR O RK 12km #Ei, 7 LA
(CEPE LR COEREROHE ETHEIELZITI T LN TE. KETIE, ETS-VII O
B AT LD &M ERAEICOW TR~ D & &b, #uE EERICKIT 2 EFMIES AT L
DREREMERE ORI A 4TV, WENCHRE L7 2 &L 2T,

42 RZEMECATLORFE

JeEEfEY AT LGt RVD EBR Y AT ADBSIE, ETS-VII LR < 1992 EI2EF L,
KAEOHE Z 0T TiThiul-. RVD EBRY AT A& KT 529 7 A5 L, avR—x b
X, T =7V 770 (EM) EMENIHRBAET T A Z8YEL, BARERICL - T
BEEL7 ET7 74 hET A (PFM) Z8UERBRT 5 &5 EM-PFM BA% H 8 S iz,
RVD 8o A7 LA OEREMRE A MRAET 5720 1T1E, FRx iRl L8, BEs HEFE, K
BT Ea T 20 ERD L, ZbOREEZRRICHEET 2 2 SIXRETH L. KM
Y AT AOBFIZH T > TL I B REEICKA LT Table 4-1 (2R3 # ERREEA 1T > 72, L5
Y AT MO, 2R —xr FERB (RVR, PXS), 7 v 27 A3l (RVD EBRR),
R AT N 3 I TITo 7. RVD EEALU ED AL L~V T RVR, PXS
O ARG PIGEIR O G RE, MEEARGET 5 Z L IXWE /-, FEICEHABEREEBE O MGEIX = v
A= FRBRTITo72. RVR TIE, HIEEfLERTH 5 660m £ TORBRAIT 5 72, FHEMTE
At (BLPEEHATRAMIZERT) ORBEHELS b 3L (~200m) ([CBIF 2REBC, 7 1 —/L PR
Br (~600m) % FEhE L CRHAEREMERE 2 MRGE L 72, PXS T DWW T, HHxMEERfE 3m £ CTEHHI AT
RRARAHEHO6MIE— a2 b— X 28 L CEHUBSRBMRELZMIE L. £/, WMa R
—%y FRBRTIE, KBENTEHICXTHMECHAED Y 7 L7 %, <= OBENREN L
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ZHERTORBRAER L, P THRENT & 2B L.
XD FRMMRENPEZ L 2N L 2R T D720,
A2 AT O BB M L 7.

TV EANT,

TN ==

B 22

T, BAEZERE TICBWTIRE

Table 4-1 Verification by ground test for optical navigation system

BT =N YAy FEY

Environment Component Subsystem Satellite System
PXS RVR (RVD)

§ Relative range | Measurement Near and middle Measurement Measurement

2 performances were | range (-220m) test | functions were functions were

% verified by using at manufacturing verified by DCLT. verified under

3 6DOF motion facility and AIST RVR and PXS were | docking

=~ simulator within optical tunnel. Far | arranged on docking | condition.

% 3m and by multi range (-600m) test | surface as same as

® point’s at field. flight configuration.

Relative measurements N/A

attitude from 3-10m.

Az, El N/A Same test as
relative range

o | Sun light Direct and reflected sun light Solar simulator was | N/A

= | interference interferences were evaluated by used for evaluating

8 irradiating simulated sun light to reflected sunlight

@ Sensors. interference during

=. DCLT.

S | Inter sensor Inter sensor interference was verified by | Inter sensor

3 | Interference using other reflectors as well as own interference was

= reflectors in each component test. verified by DCLT.

Thermal vacuum Sensor head and reflector was installed N/A Measurement
in vacuum chamber and measurement functions were
performance was verified. verified in thermal

vacuum test.

Launch Measurement functions ware verified N/A Measurement

environment through vibration and shock test. function was

verified at

pre/post system
environment test

Zero gravity

N/A

Dynamics was
simulated by DCLT.

N/A

Radiation

Verified in test or analyze of parts level.

N/A

N/A
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RVD EBR R D L~ Tlk, I/ — 758k (SCLT : Static Closed Loop Test), RVD k%
AT 7L —va kB, ROERPL— 7B (DCLT: Dynamic Closed Loop Test) % £/ L
=, ZTHHEERD RVD EBRO 7 = — X (MR & OBIfR % Table 4-2 12773, SCLT Tid,
HEAHEG RO FEE EMERE LY, FA T IR, TOr/Faz—2E0ET vEHAVEEL
— 7R THY, RVD £ X T L ORI R BEREMEREMAE L 1T o 72, B L — 7 3B
TFUT 7 Ryx o7 A7 AR REBRZME (RDOTS : Rendezvous & Docking Operation Test
System) [48]% HH\WTAiT>7-. RDOTS &, F=A V#E, ¥—5 v MNMEEDOMXIEHE 7Tm DLk
DM E O EER 2T HENTEDL., Y=y MEE Ry 7 HIZ6TT 7 F a2z
— 4, FaAVHE RNy X TEIC2HT 7 Faxz—42%2FL, PDHINCE > TEHEIIND.
DCLT TiE, EERIZF =A 2, ¥—7 v MGEDO Fy T Z7HRIOEEMEE - F DO~y B
LUTLIEERYMTT, REMEY AT LAOET — & 75 H # 5 HA% (GCC) TR Y A 7,
flEfETICESEET—va v Iab— 2 2B T oMLV R AT o72. DCLT o= 7
4 X2 b— 3% Fig. 4-1 12T, GPS A T 7/ L—3 g VikBRIL, GPS FIXRHiTE DO FERE -
PEREA MREET 2720 ORBTH 52y, ZZ TOMBITHIET L.

WFWIEY AT DO THE, FIZH T VAT ARBRICE T 5 DCLT & a2 v R—x v FikB
THI E#FEA 1T > 72. DCLT TIiE, RVR, PXS Offit > ¥ % RDOTS LD F = A g, ¥ —%
v MEE Ry X 7 mICBRYFTEHTL 2 T, Wit o RO THICRER 2D & 2R
L7c. KRBT, @mFoRBofls, KEtEEEEZHELT, #2—7y MIE RNy

AR & RS U, SO T FC RVR, PXS Vi U)ICHERE T 5 Z & b a8 L7, Bk
DOFER, RVR, PXS I, TmH#is & 2m A CRESG R H Y, RVRIZHA Y 7 v U =7 %, PXS
E~v— BB ROy V2N ENHRTHZ N TE.
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Table 4-2  Verification plan of overall RVD system through the ground test [49]

verification method ser | peur GPSR VERIFICATION BY
RVD phase INTEG COMPONENT TEST
TEST
docking DM:docking and separation d i
‘ Caplurc O b'e N/A ng paration dynamics
Docking phasc lest
VP-capture | O @) N/A
Final approach Im-VP O O N/A
phasc TE-7 RVR:long range fest using optical
m O & N/A tunncl ans ficld tcst
R Ic‘h ] N
; r?;.;l cwc approach|  q pp O % O | GPSR:field test
Off nominal case all phase O A A

* In the system lesLinterface between RVD system and related subsystem

* In the component test, the performance and function of cach component are verified
Orverified A:partially verified X :not verified

TELEMETRY
DATA — DH DRIVE SIGNAL | ACTUATOR
ACQUISITION -
SYSTEM —m{ SIMULATOR SIMLLATOR
T
COMMAND Y
CHASER/TARGET
DYNAMICS
COMMAND TELEMETRY SIMULATOR
|
SENSOR DATA L
CHASER .
GCC SENSOR DRIVE SIGNAL
RVFS COMMAND ] SIMULATOR
f SENSOR DATA ESA.IRU
CHASER SIDE RVR.reflector  TARGET 5IDE
RYR
[ pxs |
et Px%.markers
RDOTS -

Fig. 4-1 DCLT configuration [49]
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43 BMELERERICKL S

BBt 2 vl 2 (ETS-VI) 131997 11 A 28 HICHE F-EFHE X —2b HIl v b v
R CTIT R o, T ETFHOMEMRRZR T, 1998 405 1999 42T T, 3Eichizy, &
NHE) RVD BN EME S e, S EBROME A Table 4-3 (2773 [50][51][52]. ETS-VII O 1
[l RVD FE8Ri%, 199847 H 7 H (£4) i[cFEhm L7z, TOZIEL) LA onicTF =1 T4
BliE, TBYVOD AT N =7y MaRoBE%, 2m #E THMSIE L, # 15 40
DT UTITRATEAT T2, HE Ry XU Lz, #<, 8 47 BIZIE, F=AVEE
% 520m Hi L E CHEL X W (Fig. 4-2), T O AN E—LE E(V-ban)Z#EIEL Ry X745
Z & T, RVR XN PXS Zfli ] L7z RVD ZGES 5 TiE T > 7oAy, V-bar H#EHIZ AT XX D
S RE N BAEL, TOMEEEDNFMEINDLEVIABRENELTTLD, BRyFXF U7 ET
JHEMAE L. LorL, ZOMF oAV FHEITY —F >y MaENORERK 12km Bfi, T BT
A REE L 72 K- FZBRIE B A Rk S 7z (Fig. 4-3). 1999 4F 10 A 2%, # B2 & o 135 b R e,
EZEME~ X — RN O R N — TR REOMRB L B L L72E 3 mIFERZ FEM L, KIEIC
BT L. Z#uH RVD ERAEL, KFMIE AT ATETICHEEL, BEIRVDICEZTH
HZEwEEGE ECHRIELE., TOFMELTIZRT.
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Table 4-3 ETS-VII RVD flight experiments summary

#1 RVD Flight

#2 RVD Flight

#3 RVD Flight

Flight duration

7/7/1998

8/7-26/1998

10/26-27/1999

Main objectives

PXS navigation

RVR navigation

Collision avoidance

(As planned) Relative 6 DOF V-bar approach maneuver
control LOS pointing control Remote piloted
rendezvous
R-bar approach
Flight distance Docking-2 m Docking-12 km Docking-9 km
Flight After the separation, | In the original plan, the After the separation, the
description the Chaser started to Chaser approaches the TF at | Chaser was remotely
control relative a distance of 520 m along piloted from the ground
position and attitude the V-bar. But during the station up to a distance of
automatically, and V-bar approach from the TF, | 30 m. Then the Collision
separated up to the a Chaser attitude anomaly Avoidance Maneuver
VP (2 m hold point). occurred and the Chaser (CAM) was executed as
They continued conducted an abort activity | planned and the Chaser
formation flight for based on the on-board approached to 9 km
15 minutes keeping a | safety management behind the Target. The
constant distance of function. After that, several | Chaser conducted the
2 m. Then, the Chaser | attitude anomalies occurred | R-bar approach
approached and during the rendezvous flight | demonstration and went to
docked with the and the Chaser approached 5.5 km ahead of the
Target. up to a maximum distance Target. After that, the
of 12 km. The attitude Chaser was injected from
deviations were caused by 220 m (TF) ahead of the
the anomaly of the firing Target using C-W
thrusters. To handle this guidance and then
problem, the on-board flight | approached along the
software was modified. V-bar. In VP, the Chaser
Consequently, the Chaser started relative 6 DOF
could again dock with the control and finally docked
Target. with the Target.
Optical PXS used as RVR was used as navigation | The optical navigation
navigation navigation sensor for | sensor for VV-bar departure system was used as
system relative 6 DOF and approach as well as the | navigation sensor within
operation control. RVR data PXS. The RVR data were 220 m.
were also acquired. also acquired at a maximum
distance of 600 m.
Flight Profile - Fig. 4-3 -
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98-08-06
18:16:10.200:=0T
00005 0-274

Fig. 4-2 Target satellite departure from Chaser satellite on second RVD experiment
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=
—
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Fig. 4-3 Actual flight profile of second RVD experiment
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431 REMEIRTLEE ST 2T IR

ETS-VII ® RVD EBRICEB W T, WHFEMES AT LT, B&REL 72— A KRV Ry X 77
T—XZBWTHEH SN, B 1ERYD ERTIX, T4 R HELbDa~v Ly RITXK
DWE—0y MaEZSBEL, 2m OFXEREZ k> TR 15 0MRIT L. 20K, F =1 Hi
BIIHEELZITW, 22—y MEERLOH Ry XU IS L. Ry X JKOKT % Fig.
4-41ZRT. ZOERT, FxA FHEEIZ, PXS EZHWIZHMx 6 HHEHE 21T > 72, Fig. 4-5
(255 115l RVD EBRIZ IS 1T 4% 6 B SIS R 2 R~d . 2m ficB 0 2 RFHEIE, KR
T LB ERMEEY LRSS DO TH 72,

% 2 [\, % 31 RVD EBRIZEBWTH, PXS & HW-Mxt 6 B W #2417 >7=. Fig. 4-6
2% 3 [0 RVD EBRAE R 4R 7. AREBRTIX, % 118, % 2 [0 RVD FEB & A4, VP 51T PXS
ZRWTZFX 6 HHEEREICEITL, lom/sec THELEIT-72. F =A% Ky & 7Y
— 7y MR Z X EEEE 0.53m MR THIE Lo, BARRIZR T DALERE X, Fig. 4-6 (257
EkDxiem (Y,Z2) LNTHY, Zhid, ERAERTH 2 RAMEBEREE+2.5cm 2 4 L1 5
RThoi.

98-07-06 |
22:30:02.080:UT '
00006 0.555

-

(a)Relative distance: 2m (b)Capturing Target before docking

NOTE: These Photographs were taken by Docking Camera on Chaser satellite. Upper is
Target satellite and lower side is Chaser satellite. Left bright sphere is Earth.
Docking Mechanism (DM) on Chaser satellite captured target handle in the center of
capturing area of DM.

Fig. 4-4 Docking operation of ETS-VII
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Relative position X (m)
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Fig. 4-5 Six degree of freedom control using PXS on first RvVD experiment
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Relative position X (m)
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|
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Fig. 4-6 Docking approach using PXS navigation on third RVD experiment
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% 2 [ RVD B TlE, F oA VR, F—7 v MgZE2 bR 122km B TT7 7 7RT
EATo7z. F = A FHEIT PXS 721 T/ <, RVR X GPS fHxHitiE % i L CH &) RVD %2417 -
7o, BB 3MFERTIE, F=A TR, GPSHXMEEL MW C-W FFEIZHE-S & 220m [T &
ANENT. T0#K, FoA VHETEMEE V% GPS AL D RVR ICHUIY B X, RVR
WIEIC S & V-bar #21T 217> 7=. Fig. 4-7 a) (C 220m /5 JE01281F 5 RVR #iiEhs 4 w9 .

F = A VR, GCCIZL» CRHE SN HERETEIZHE > T, V-bar ¥ —747 v MNMEEIZHIT

I

THAL L CWD . BT X 7Tem/sec TR E I —F L TV 5.

V-bar $23T58 T4, T = A V21X VP AT RVR #iiE2 & PXS #HlikicEl v B x 5. [FIX b)
(2 30~2m £ TP RVR LIEME R A RT. F = A $HRIT VP RICHETNCHERA S, RARE L,
FRAER T d D HRHLE 0.2m (Y,2) LLFTh o7z,
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(b) From 30mto VP

Fig. 4-7 V-bar approach using RVR navigation
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4.3.2 FHAIREE O

T EF%, RVD FRITORTNIZ, RVR M ONPXSDF = v 7 7 7 b &% Lz, ZoOEMTIX, F
A VFREEL =Ty MEEN Ry X7 LIRET, #uE E7 — % &7 BIFRTNCESS L7z H
ERBRT — X O A 1T o 72, Table 4-4 & O* Table 4-5 (TR 279, RVR L PXS D&t
BRI 3tlc, M ERBERE —HLTWD., HERBRT— 2208l ERBRT— % 250\
NAT AL, RVR O El ZFRE, ZERMEKZWMEL TS, T b0ERIZIE, T ETE
DR, BEBCMOMEREENTEY, EEROFHIRKEL, nb0RUALETHD L
EEND. T AEER, SE LT —2 0 30 ETESN, MAbERMEELZHELTND

[53][54].
Table 4-4 RVR measurement accuracy while docked
a) Bias Error
On orbit data (1) Ground test data (2) Difference (2)-(1) Spec.
Sub** Main** Sub Main Sub Main
Range (m)* 0.478 0.478 0.495 0.481 0.017 0.003 0.1
LOS (deg) | El 0.073 0.036 0.021 0.009 -0.052 -0.027 0.05
Az -0.025 -0.134 -0.051 -0.131 -0.026 0.003 0.05

*The range was 0.481m measured before launching ETS-VII.

** Main: Primary component, Sub: Spare component

b) Random error (3c)

On-orbit data Spec.
Range (m) 0.0046 0.006
LOS El 0.0043 0.02
(deg) Az 0.0084 0.02
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Table 4-5 PXS measurement accuracy while docked

(a) Bias error

On-orbit data(1) | Ground test data(2) | Difference (2)-(1) Spec.
X(m)* 0.432 0.432 0.000 0.01
Y (m) 0.0002 0.0003 0.0001 0.003
Z(m) -0.0000 -0.0000 0.0000 0.003
Roll(deg) 0.275 0.219 -0.056 1.1
Pitch(deg) -0.003 0.045 0.048 0.75
Yaw(deg) -0.099 -0.065 0.034 0.75

*The range was 0.43m measured before launching ETS-VII.

(b) Random error (30)

On-orbit data Spec.
X(m) 0.0001 0.005
Y (m) 0.0001 0.001
Z(m) 0.0000 0.001
Roll(deg) 0.015 0.2
Pitch(deg) 0.018 0.2
Yaw(deg) 0.059 0.2

RIZ, RVR TN PXS DIRITHFH DT — X (2O Tik_%. RVR (X, PXS ASME— L a] 4E 72 i
e ThHDH. F 2B RVDIZEITH PXS KTUNRVR OF — 4 % Fig. 4-8 IZ/”"3. KK LV, 2
~10m E TORVRNA T AGREZFIHE L7=. Z Z TORVR & PXSOZEDEHITHK Tem TH Y,
INA T AGRZEF RO 10cm Z e LT\ dH. KIZ RVR & PXS THHIL 7= LOS A % Fig. 4-9
IZRd. 22T, PXSIZOWTIE, MXLET —F % LOS MIZA# L T\%. RVR & PXS D
72D %)%, Az T 0.09deg, El T0.12deg ThH-o7-. T H DL, Table 4-4 TRL7ZTF = v
JT7 T MERLIDKRELSRoTWVD., ZOE WX, PXSOIRT T4 AL MO EBREIC
Xoab0eE2 0605, HXER 2m LN T, FoA VHEIE, PXSHIECESEF oAV
BERy X T X —7y MEREDO Ry X 7Hicibe s X 9128+ 5. RVR I Fig. 3-4
TRENDEBY Fy xR TN TIRVTITONTWDLIDOT, FoA VR —T v
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N R OMRTEBFAZEIZ L Y RVR A~y RO ENE/LT D Z &6, RVR & PXSE]d LOS

AEZHRSELEHELTND.

12 04
,_\10 3 0.3
5 {

o 8 0.2
= RVR-PXS (—) ;
©
° 6 / 0.1
=
3 4 0
o

2 -0.1

N PXS (<)
0 -0.2

18:00 18:05 18:10 18:15 18:20
Time (hour: min)

Fig. 4-8 Relative range measurement of RVR and PXS
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Fig. 4-9 LOS angle measurement of RVR and PXS
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EHRREEIC 351 DRVRANA 7 AFAZEI, GPSH XL & ol U TR 3 2 . GPSHH X #fiI% IZRVR
WLTE X VS ENMR WS, EEEEIR CONS T ABREEZTMTHZ LN TE S, Fig. 4-10 IR
PHAE 630mIZ d5 1) 2 GPSHH XL IL & RVRMLIE D Z % 7~ GPSHHXHILIE, HILLEEAE R THXHL
BX,Y, 22T 5D T, Zh b ER=SQRT(X? Y2, ZO)TEHT 5. ZOfEHE, RVRALE & GPS
ML D 722 D)X, 1.43mTh - 7-.

640

635
g \K'\M _ RWR
S 630 .
E \'\‘\0—<§
=
i N ops

625

620

50:30 51:00 51:30 52:00 52:30 53:00 53:30
Time (min: sec)

Fig. 4-10 Relative range of RVR and the GPS relative navigation

PXS 1%, ETS-VII O#fE#ffiist Y OPFTROUGHELRE Y THL Z Linb, RITHO PXS OFHKE
2 i ilid 5 Z LIXWEETH 5. 51 RVR OFHAME Z JE:4E & 70T, PXS ORI EF SRS, X,Y,Z
TEFIZH, 0.07m, 0.0016m (=2-tan(0.09deg)), 0.002m (=2-tan(0.12deg)) & 72 5. F7=, FHLHEZIZHONT
I, PXS HAHEHAFHUE L F = A VERE RO — 7y MERIHER L7z ESA 77— % D7 & i U CRHE
L7273, Table 3-2 |IRTERMAM A+ TR T D2 b D ThH o7, HlEHI R % Fig. 4-11 (2737
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Fig. 4-11 Relative attitude difference between PXS and the relative attitude estimation
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433 HHRRRUVERE

RVR X UNPXS 1%, fifEBtat:, FHOU 7Ly 20w —h &L, EWICHHIZIT-72. b L, &
FHWHPEIE LTS G, e TE CORMNRLS R ZENTHRIND. T, Fyd o rmpeny
RA—/"ARA v NEG A TLE THE L 72 % . Table 4-6 I[ZSEBR T ORI AFHAIL 72 b D& R7. £ X
D RVR K ONPXS O TOMHRRHN, FREZWE L TCWDZENbhrote. kT v 770 hOT—
Z20%, FTET 2RI SN b DO TH L, WTF =y 770 bR UHEREMEF LTS, 20
I, FEEMERE EBIH PR SN 2 L AR LTV D,

Table 4-6  Acquisition time of RVR and PXS

Acquisition time o
— ) ) Specification
Initial Check Out RVD flight* Final Check Out
PXS Main**** 6 sec 6 sec ** 6 sec 10 sec
Sub **** 7 sec 6 sec ** 6 sec 10 sec
RVR Main 8 sec 12 sec *** 8 sec 12 sec
Sub - - 8 sec 12 sec

* Third RVD experiment
** PXS acquisition was executed at the relative range of 10m.
*** RVR acquisition was executed at the relative range of 220m.

**** Main: Primary component, Sub: Spare component.

FERTIE, RVR MO PXS (IMXHERN T 5 7 —7 v MEREZEUIBR T2 2 LA TE72. $ 2 RVD
FRTIE, RVR 23 GPS AL & D5 [k 1ML BE 72 e AR EERE 600m £ THHIFIRETH 5 Z & &R
L72. LOS Az 2\ T, 220m 2T GPS FEXHIUE D & 5| E ik CEEf K 2deg CTRHHIFIHE/R Z & &2/ LTz,
PXS (2B L CiL, HUE S 7= RFEXHEERE 10m CHMIEZFHIIT 2 Z L3 T&l. Hb 27 VT 4 hL
PRFEIR T do 2 3 BEIEL 12 DR SOV Th BTN FHIAM T o, 7B H RVR & D51k E i £ Tt

HNZFHT 2 Z &N TE T,

74



4.3.4 HFEHEMH
HFMUEE oI e T, HFRBAHER L, RITHIOEFTFHE5I SR SRV &%, FERICER
Tho.

RVR IZBI LTI, SEHKIEZ 3R T2 72 OISR BRBEE HRNCEEFH LT D APD D28 L~ & Fu
TRHE L7z, E3°, 7T LT H%ROYIBAEREGRRE, & EBMATHT, R OBMIMERRHIIL, Ry ¥ 7RET
ZH L~V EFHAIL, T RTRTE 20 2 & 2 fifgsd U7c. RIS BERE S92 05REEIS, SEBRRAT
T — & % TRl L7-. Fig. 4-12 ICFEXHERRE & e T —oBfR A2 7~ 7. #ul E TG L7 — 213,
(35)~@-NATHELIZHAEM L IZE L TCWD Z Enbnd. M BT — 2 38l E5— % L0 35
TRV, ZAUE, RROEL Z R EDHENPEEL VDL LD EBZZ LD, FHXTERRE L = ET DB
FROM, LOS 4 & 52 DBIFRIZOW T HEHI L7z, % 3 [8] RVD R TiE, 220m siZ&\W\ T GPS 4
KL B RVRUAIZ Sk E 24T o 72, GPS FRHILIE B D5k E TR, RVR N Z — 7 > MR 2l L,
F = A VRN RVRUEICE ST —F y Mg AT Tl TREZHIEH S 5 (LOS farm i) .
DF Y, LOS 4 0deg # BAZIZHIEIZ1T 5. Fig. 4-13 IZZ DEED LOS 4 & B OBREZRT. KK T
RVR fili#E5e T LOS 4 2deg 7> & LOS ¥517172358 T I LOS £4 0deg £ THJ 2degLOS 23285k L T\ 5.
ZOEAICKT B2 INESIOEE, 15dB THodizx L, FHHEEIZK 1.9dB THo7oZ &hh, #E
B HREIIE R B LTV B EEILND.
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@® On-orbit test

¢ Ground test
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Fig. 4-12 RVR Optical power versus relative range [55]
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Fig. 4-13 RVR Optical power versus LOS angle [55]
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PXSIZBA LTI, T EIFBOYIMIREMRR, 2 FEBMITAT, M ORI R % o ZUREE Tl
FRRBZfERE L7z, PXS OLE RICkIT 22 —F v h~—HigiX, 2tk OT7T—2 LovGohiena
END, Uy v A —AE— ROBEEZZLIE S a vy REXEE L THEGBISG 2T, ETHLNLD
B U 7= it & b d™ % 2 & CERIRILOEIR Z 1T 5 72, ZOFER, BHTOBEB L~V D4 7' v ~MAe
EEHR DT bDOD, FHNISIEE RDEFIR OGN o7, o, ThHOMERIZBWT, 3.6.2(2)
H TR AT~ — 27 D CCD S MEIMOZNE bR L7z, Fig. 4-14 123 % v X — A — R @
D 16 2 LzHEfg A2 R~d. Fubho~—7 C1E, AEMITZIToTCWRNWe—2T, EFO~—7q, BiX
AEMTEI T~ —27 ThHD. BENGHLNRERY, ~—7 CITHRT, ~—7 o, B OKEEIT
RF b2 BATHY, AEMNT~—DOFIMEZPE ETHEIFTH Z LN TE .

FERHPICHB VT, RVR, PXSH, KETWot L FETHE Vo P FHICRR T 253
RBEFRELZPoTLHESIND., ZOZ &1, TUWRRBBELEBIZEE PR HNT 5T
TLUARYTHRBLTWS., AT, MEFHNERIL, AECRLEEBY EREWME L TR
D, ZOZEnbLbMErFIZE s THFFHLAARFH/PIENEDOThoTcBbis.
Fig. 4-15 & 0" Fig. 4-16 |2 RVR & O RVR K& N PXS 0 BAIR 20 B AG it 2 /v 4. Z 45 Ol
X, BB EZTOICHAEERTHD. 2D LK DI RVR LT PXS DI L~ L idFHENC
+oa7e LNV ERL, BFTFEHSRITHSICEEL TV Z s 2R L.
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Fig. 4-14 Improvement of reflection performance of PXS

Fig. 4-15 Maker image of PXS Fig. 4-16 Reflector image of RVR
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44 FEO

JEEEWE Y AT KA L 72 ETS-VI (X 1997 45 11 HICHT B b, 1998 427 A L v 3 [H]IC
HoTHB) RVD R4 FE L. b0 ERS, xR 500m LU 0 #& #r LAURE © RVD
MRATICB W THRBMEY AT MTETHE L. EBREZE U TMEY AT 2080 B2 I3 T
WICATDh, Fy X VRORARE L L THIZE 0.01m (Y,Z2), AHX%H#EE 0.01m/sec BL T &
HFHIES AT MK D EREE 7 RVD Z##E ECHRGEL 7. &Mkt o VoG E X, k-
AR O & D lg, Mkt P ORRIC L > THRE L, ZR{EHEZ LRI KBETHDL Z &
ERER LTz, Fio, RFETHICO VT, BEr o0 FHAT —2 ARE, fiteREm 23
N THoT-Z LRI -T2 W LT-. R EIEITHO VT, RVR OFZE L ~UL L fig
Hrfi, Hi ERBREOLEEZIT, MTEE R LD 2 L 2B L. £/ PXS OHfG
BE G Ny & ZEFRICE T 2t RSENR MR Lz, U EXY 38 TR LEHITFIE
WA THDZ & EHFEFELT.
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B58 SUTIRYFRUIRAMEIRTLDREERH
51 [FL®IC

FJr7F 7 Ry*xo7 (RVD) HiiTiX, FEROFEHIEEICMLHOEMN TH 5. 1960 FRLIKE,
AANARITROFHEAT —va VEZHNE LT, kKEOT7 AR - V2 I=, AXN—R Ty
w70y a—X, s L A%, ke 2Tl T RVD 2T T &7z, 1998 4 LUk
ETS-VII % 15, K [E @ Orbital Express R D ATV & W 728 N HERVD Bksh L= 2 & T,
HOERJE B E O 2 7e &3, o) Z— R REREE DS~ OIS B S 45 [56].
LoL, o HidERt o E R TRERMEAEE L <, FICEBREE CTOFHRIAZER S
NH>HKEREBEICEHAT S ECTHEE SN TWAH[57]. KETIE, FRTPHEEINDRYD 2 v
g T EHIE S AT HDIRT D ERZSTT 5 L L BT, mEENOEHEE RVD & flREIC T

DWEMES AT LAOZNE I vy a ry~OEAFEEICONTERTS.

52 {EROSVTFTIFRyFUITIvay

RVD N EERDIROFHIEI & LT, FHAT— a0 X 5 i ER#E b o e R
EOFEERR, ARENLOF T F—, HEREREE IS T DR O MR, KB E
RO XD I R EY) DAL T, RERREOHME - BIUNE, ZRHERI v a U REZXLND.
INHLFHEI v arE RVD 2175 % —7 vy MFEHEOHE, RVD OJZREIX Table 5-1 @ X
I END[B8]. ZZTH—4 v NFHEOERE"L, FoFT 7Y ) 7127 2R GPS
ZAEHE L BIEHARE, B RVDEHREZA L, B OLXRAZLEMITHIE L TH 2Tl %
“BhATEERL, BN RVD R A ST, BEHE L TORWTHE L “IER " & E
#T5.
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Table 5-1 Future RVD missions

Use

Purpose

Orbit*

Configuration

Space Station

Manned transportation, material supply

and retrieval

LEO

Cooperative

Lunar/Planet Explore

Landing, Return to mother ship

Lunar/Planet

Cooperative

In orbit service Fuel supply LEO, GEO Cooperative
Structure connection and construction LEO, GEO Cooperative
Space debris retrieval LEO, GEO Not cooperative

* LEO: Low Earth Orbit, GEO: Geostationary Orbit

Table5-1 DI v avDH b, FHAT—var~DABBESLHHRE~OAEAEED L9
WAHANTITOND RVD b L0, TR OEZ DI v g s E, BAFHETERIND A
BUEREW.FHAT = a v ~ORVD TIEAAI v a U ThLIVEIZEWLEMERKRD 5
n, TEESC7zc— Nt —7&iNERIND. A - XEBREI v a3 T, BEREED
BRI EE LW 205 RVD MRS/ N - MEBETH DL ERLATHY, BEMBE T bRREL S
NTWLZenb, FRyXr7ROERENZ/NELTLHIENLEELY. U L —E R Iy
va T, BIZIEKREBREBED XS R RAEEY OGE, I aE L TREITIT BT,
Wl ECTRVD 217> T TEATH Z & bMESND. 77 VEINI v ¥ g 2O TIE, [H
PWZhnDEREMZ 720 EI v > a  BEDEN L.

Y, EEMZHRL S>>, RVDBEGRNLZMTHL I LNEELRD.

ko, E EY—ERAD

53 JUTIMEIVRAT LD

ATE CIE_R7fFR DI v v a VICHEAR RVD 21T 9 72 DI BRI EHE Y AT K220
THE &7 5.

RVD DHIEY AT L%, 90T 7 72— R X > TRRIBEEDOT T T V2
AR LD D, — IS IEES - km OEREER TIX, ¥ —% v FFEEHEOEZ B
LT, RELMHEEZADLELILHICHEETD. FoA P FHEE X —7 v MFEHEEOME,
HWEL, ZEnM ENBDO LY R GPS ML FEIC L o THEE S, F 4 A P FHIE
IZRF L TAT — h7 b ARHEIES 2 %65 L CELEHIE 24T > THXTEEEES km~%5 m @
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FH 6 B9 22 095 A3 AT RE 72 sEIE IS 8 N3 5 (Fig. 5-1). ZAUi 2.3 THICEK T AR BT LI D 7 = —
RN E T 5. RETIE, ZOEBEZERET 7 7HEIREMES. T o7 7 k& A% I
F 4 A YV FEEHED GPS MXIESCETO T T Ikt 2T —7 v NFEEKE O
FRXHALE, WEEZHEE L, F A VFHEOFEREEFEE O OFEHE SIS S #uE

HE 21T > CTHEL T 5.

T T 7RIS BT AHEY A7 A%, Table 5-1 I2/R7T RVD R v ¥ a Vil - TiEo
T AT MERRIC e . BT F =7y PFHEOBIED LEO Thiid, BEICHE EEIES h
TUV 2 GPS ML & LML AT LOMEENEHATRETH L. —F GEO R°H - HEHL
EOLAIL, GPSICROAMIEFENLEL D, ZOFME LT, BEL—4, L—H¥FL—
Z, WMEMBEICEIDZ2MELE DA TOMAEEELEVSTZFERZELLND.

Proximity rendezvous zone
Chaser spacecraft can measure relative
U R rangeand line of sight angle etc. using
P - I own rendezvoussensors. In this region,
’ ~ .  both Chaser and Target spacecrafts can
/’ Target spacecraft N\ communicate each other.
\
X< . i
\ /Several km~several hundreds meter
\ s

7 Chaser spacecraft

Fig. 5-1 Proximity rendezvous zone

Fio, F—F v MEEBICOWTYH, WHIMY —7 Y MEEHMBIE, 3 #ESHEH S GPS Z{EH
RTIVT TR IOV T L X OBEBHFRETEDLN, TTVDOX S RIIEW IR~ K
(ZX % RVD &7 5 721213, MHXLE, HEHE OO O LV —Z O, T L7202 H —
7y NMEROEBFEET A 0OBB eI RMELERD. BEOXIRIERIE -7 v b~
® RVD IZBEM L TH D, il L CTEIES AL FITE.

ARETIE, HiEk#E, AREBEICB T 200 % =5y MIXT 5 RVD O DT v~

TIMIEY AT L adBITHEmwmT 2.
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(1) HiEkdE Eoa

HERELE EOgGA, KELE & IEHLE TT 7 THEY AT LT 2 ERPE R 5. (KHL
BOWE, EEHEHE T GPS Miktiiis, WfF 7 7 7HETIL GPS MktHiEZ HnWad Z &
ARETH H. GPS ML ZfE XX, F=A VFEHBKL ¥ —5 Y MFEEHEOMIIERRE m o
BEEICHRAT D ENAEETH Y, ETS-VII OFERECTHLIE LEFES N2 L B0, Kok
AT LA LIZERE/R RVD 288752 ENA[RETH 5H. Fig. 5-2 12 ETS-VII DL A
T Lo AR, ETS-VI IZH L7 B it 27 2%, 7771 —4% (RVR) &
TGt o (PXS) 72 b S4v, RVR IZFXTIERE, S8R5 A 2, PXS (T E ZEH %
FHITS. RVR, PXSIE, b7 VT 4 WV Ny o ZnBEEBICB N TH AR Z AL
TEEMEOH THENLTVND., 20X —F L —F Ll a2 lEETtF ML
T A, RROMEK T EEOHIEIZBIT A RVD R va Y CIEHAEELEZOND. — 7,
FrEHE Bl W TIE, GPSHREAZFAT L2 LN TE WD), M ELrbDL Y 7Tk
DEET T THEIBRICEAT ARNERH L. LYy 7k, EHROMERFE XS TEEIC
BEHEFREA XY, ZNEFHETHTVIRL CEEK EZBEROMMEETERMEL, Ny 7T
FHANC K0 BRBEA bR %, Bk MO MEZFHIL THMEREZITO FATHD. ZoJik
IC XD EIEHOE ISR T AHER ERE IR 1~2km BRETH Y, EHET LT THEEA~DOFIHkE

%

ST, BUETREREE DK 10 5 O KT FEEE 10~20km FEJE & ROAT LB N H H[33]. Z DA,
FfEZ o7 7 CITBEMH SN TWD X ) RXFEMEr il &7, mEEs ar
RERfiiEE v R NE LD,

GPS Relative Navigation

Rendezvous Laser radar

Proximity Camera Sensor

B Primary Option

Fig. 5-2 Rendezvous sensor of ETS-VII rendezvous navigation system
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(2) ABEIE LEoZE

HERARS o & EE LA b CUEAI AT RE 2R GPS #Eset s, AHHIE IR, #RIb#E & RARICH - RAE
HOE ETIIEH TE 2RV, 8- T, ARRICHIT H2HERERELSHIEY AT L ORI
WA 5. 2007 FFITIT B s HAD A BEAERK ) <7 (SELENE) <0 K[E D k2 HRA
DEENS, AKOCKRICEBIT HH0EREREEIL, S5km BRE[B7][B9]E s TWnDH. ZDZ &
Mo, Ly VU IR DMEREICES G T 7 T B~ OBk E A OFARE I, ]
R E RS E OF) 10 £5 O KA} B 50km BRE &2 ROA LMK ER H D . o TH « MEWEICTE W T
b L HLE & RARZRMIE S AT LHERIZ RS

50km Several meter

Range and Range Rate (RARR)
Long range rendezvous sensor

Proximity Camera Sensor

BN Primary Option

Fig. 5-3 Optical navigation system for lunar/planet explore mission

(3) HiEk, /HEMEDOES

BREMEEOHE AL, 74— A—Yar LEFHEOSEI Ny X TENEZ LN DN,
RVD HDOMiIEY AT ML TIZA - REWIE & KRER2EWITELS, REEZR MR TR
H 5.

5.4 RFEMEIRTLDOEBATREM

WET 7 THEBICBT AMIEV AT AL LT, AR Lz B ER L —X, ¥t o1,
FEMMEE AT OMEE L Vo FENPRINATE TH D0, OmKEE - (KEZ RVD 23 5%E
B THhHDH. QN - BEALPHIFFTE D, FOHBNLNFE U 2HMEFRICHAT S
ZENREF LV, FEICBWTHREMEE 2 AW RVD IZhE ATV 5. Table 5-2
ICHAETHBEIN TV D EELR T VT 7 AEEMiEE PO —EE2 R,
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Table 5-2

Major optical navigation sensors

Sensor AVGS TCS RVS RVR
Spacecraft Orbital Express Space Shuttle ATV, HTV ETS-VII
Type Dynamic Dynamic Dynamic Static
Relative 1km~ 1.5km~ 730m~ 660m~
Range Docking Docking Docking Docking
LOS Angle 8x8deg 20deg Corn 40x40 deg 8deg Corn
Relative )
) 300m> 300m> 300m> Not applicable
Attitude
Laser Device Laser Diode — Laser Diode Laser Diode
Wavelength 850/808nm — 905nm 810nm
Receiver 2D Imager APD APD+2D Imager
Device (CMOS) (ccbD)
Measurement
5Hz 1Hz 2Hz 2Hz
Rate

*AVGS : Advanced Video Guidance Sensor, TCS: Tracking Control Sensor
RVS: Rendezvous Sensor, RVR: Rendezvous Laser Radar

Table 5-2 7> HHB/EME DN TWD T 7 7 FG ML & & W o G AT RE 70 A0 6 B EE IR 1km #2
FETHDI ENNND. 2D MmEE L, K& 2HEBEIZK S TX 5. AVGS[60], TCS[7],
RVS[16]1L, LV —V HZEBHHBENICAE#I 7 —TCAF Yy =7 LTH¥—F v N FEHEE B
LT, MAxHEEE, B ATmAEEHNT o H T, EREER TR, V7L X OREE®
DI EBLHMT 2N TEL. ZOLICLV—HPHEAXF Y L SELHFAELX AT Iy
AT EERTDH. TN LTRVRIZAEN R 7 — %727, L — Y03 ISR ICILT
THZ—7y MFEHEE RS U, tHXTIERE, ST mMAELZETL. ZnEAFT v I 8 A
FLEFRTH. Table 5-2 DENEMIEY o O FHIJTIEDFEM A Table 5-3 12757,
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Table 5-3 Measurement method of rendezvous sensors

No. Sensor Measurement method

1 AVGS AVGS scans the laser beam within the measurement area, takes a two
dimensional image of multiple reflectors on Target spacecraft and

outputs relative position and attitude.

2 RVS RVS scans the laser beam within the measurement area, measure the
TCS relative range using time to flight and line of sight angle from scanning
angle. In the near range, RVS also outputs relative attitude using

multiple reflectors.

3 RVR RVR extents the laser within the measurement area, and measures the
relative range using time of flight and the line of sight angle using two

dimensional CCD.

Table 5-2 (Z 2 P 7= ek ik, FIC LEOICHIT S RVD ICH Skt v Th
L0, Tivba 53T~/ GEO °H « AEWIEICHIT 2 RVD IZET T 57280 i i
IbxEX L 06ERE LS. Table 5-3 IZARTFHAIFED S H, NO.1 D AVGS I, 2RILA A —T % D
HEBHL TR, RELZE®TO ) 7 Ly 2 WEHE> SHEEREZ RS2 5 Th 5.
ZO, HEEFECEHNATRE L 721X =5y N EHEBICERT ) 7 L7 ZEOBEREE K
LT HMERD Y HNRKE WV (FEXHEERE 3km 2B W T Y 7 U7 X MFEBED 2.5m 2 & X
NTWAH6L]) . F£7=, FEEEFHHIBALARTICEAZE 25% O MEEMBIE RPN LETH Y, it ol
BE DR B AT D AREMENH D EE L 2V [28]Z & 205, NO.2 £721% NO.3 Dl )7 ik % %
HEEbORTR E L TUBZE OB Z1T 9 .

REtT oML LT, V=Y HEX—Fy b 7 L7 ZITHE L TEOREN

ZEHH UCHXTEERE, ARG RAEZRMHT AV AT AERET S, — &IV —PHFEICIT L
— WX A A4 —FK (LD) BNEH S, HHOLid8+ mW 2253 W B E 0 b o A3 H 7T je
o, V7L 2IFZa—FF*a—7 Y7L 7% (CCR) LMENLHHKHAMEEET LY 7
L7 A6l EMT 5. £, ZELoBMEICIE, EEBERIRIZH T 2 M8t oIz ENR
T NRNT o7 x NEAF—FR (APD) ZfEH T 2. FExFEERED G H1X(3-1)x= TR L 7= Time

of Flight IZ X Y 4T 5 .
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WM AEORHEIL, AxF v =0 7 ¥ A 7 TIZRVS & FRFEICAF v = ZAEFENOH
HHDEL, AT 4w I EATTIE2WRIEA A=V v &2 HEHT D, Fig.5-4 ICAXT 4 v I X
A TREOFEAFTI v IFIATOT T T2V O L —FREHROM &S ERT

)

El Az

. ‘.\ CCR
/ H

Scanning O

Dynamic Type

Static Type

Fig. 5-4 Concept of dynamic and static rendezvous sensor

FrT TRV DB L b — O E R L, (3-5)~@-T)ATEHHET 5.

ABT 4w I EATEFATIvIZATOE—LIENVAEZETNEN0ts, 0tdET5H &, L
— VPRI —BE—=ThHIE, FAFTI VI ZATDIFNALT 4 v 7 XA TITHART (0/01)
‘OZNBEHDEON, HEMLOSTHNTSHS.

L—HF L —XIC XD HEMEHAIT S 2Dk, +oEextdEt (SIN ) 263 516E
TEZNTOLEND D, ZEWMIMHENT2FFTHL APD L, kO 7 + M ¥ A A — Rk
NEHEE TEBEETHLIFFERH Y, SIN TR TRT Z LN TE 5[63],
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i2

SNR = g
i2+i +if +if (5-2)

ZIT, i3 ERTER, T a vy MEEE, i IR, (T FOLMEE, QT EMEE
Tho. Zoob, REEEICEWTIE, MO LR DBEFRICHT LT 2 v b
ERRELSEETD. o TEAPig Lipg NI LD 2 LPESNRIIRATRDSIND.

2
, [’76 MPrJ
SNR =~ o _ ht

2 2
2qM 2+XFB(ZfeJ(Pr +R)

i +ip (5-3)

ZIT, PdEEEES, Pold W ROLES), MIZAPDHIAER, xR E R, BILMEE

Wobg, plIEFRR, qiERFEE, NIT 7 78R, FI3tAERTHL. FRIEL LTKE

Yox =4y MERET TOHEBNFNERET S L, VL—VFRIEEREFICBITS2EREATDIETR
ATRIND.
2
W(4 D
szﬁgsunﬂﬂ-(ij nAﬂ (5_4)

ZIT, WONT KBS HE R, QunlEI KB ONIKf, pidy—7 v NEOKEER, D,
EZEXRFERO AR, NEZEHRFEROBBE, ATV —F L —F DN RRAT L LEOW
BETH 5. B5)~@B-NRANORDIEETL_LE, GAHRNOLRO BN HEETLY 9 v b
HEE DO Z (5-3) AL VAR L TSINELZ 15 5.

V=P L —XDORBEMILOFEELZRFT 272D, ¥4 T Iv 724 7O —HF L —FTh
5 RVS EREZT 4y 7 BATDL—YP L —XThD RVR ZHIIZ L THFZ1T5. RVS, RVR

TNEFND EERNFE T A —H (L Table 5-4 (2”3 & B0 THh 5H[17][55].
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Table 5-4 Major optical parameter of RVS and RVR

Navigation Sensor RVS RVR
Relative Range 730m (for HTV) 660m
Laser Power 4 W 50 mw
Minimum Receiving Power 3 uW -
Beam Spread Angle 2.5mrad (=0.14deg) 8.5deg
Field of View 40x%40 deg 8deg (Corn)
Measurement Rate 2 Hz 2 Hz

F72, RVDD¥—4% > h& LT, Fig. 3-18 IZ/R T ETS-VII O X — 47 v N R (B O®) %
WETDH. (B8O 1E, K& S 1.7x1.5x0.6m, B &) 400kg O T 3 sl KEHIBHAE S A
L, #—% v FMEICRVR V7 Lo & (GEEEEEM 18 (L6t oy 30), mHEEN 2 M) %
B L CWD . B — 2cm, EEEEEMH T —32 5cm @ CCR 24 il 2 & BLE L T\ 5.

RVR Ol FEMEREIL, 1998-1999 4F (24T b 4L7- ETS-VII @ RVD Bk T 600m % CTaHEIFIHETH
L L awE EFEFE L. Fig. 5-5 [ORT &RV (B-5)~B-7)NLVEELZHEMEE#E EE
B RITE < L THY, (5-3):NLVRDZ SIN=10dB LU EOFEEE CRHAIAH K TV D, %

FEEBEIOXAFIv I LI RENRNTT0~80dB Th - 7-.
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® On-orbit test
——Calculation

Received power (dW)
3

S/N=10dB

10 100 1000
Range (m)

Fig. 5-5 On-orbit test versus analysis data on receiving power of RVR

RVRIFAZ T 4 v 7 XA TDL—HF L —XThHV, L—¥K%EFTHA 4.25deg ® =2 — L IRFH
RIS, ORI EZT D0, HREORENSKE . RVR OB A E & i &2
E, LY HAOERICI0FHEMEE 50, V7 L7 ZomiEs 10 (5103, BEmmicix
SRR FTRERRREZ 1km DL RICIEIX T Z B TH L. flE LTL—90H % 10 f5& L7z
HDZI V)V E Fig. 5-6 IZ-d . ZOE, HEXTEESE 3km £ CEHMIATREE 2D, L, b
—YHM N & 10512 T 5 %4A, TRV T, BEHRCIS U TREERICRE 7 1 V& &4
AT EELTCEZEBLANMT 22 L2 TE 50, BEMK CIIRZEOLA T Iy
LUy 10dB L, BN TORE~OFAN IV EH L 5. £z, V7 L7 XiEfE
Z 105195 L, Fig.3-18 b o H B0 Ry X ZHOKEGEEICH D RKRE L 25, L
E XY, BUEMIITFARSER Ikm BETOEARED EZEZOND.
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1 10 100 1000 10000 100000
-20
B !
o 40
S/
2
3 -60 RN
o
D \
2 80 R
8 ________________________ R MY O Ry 1 ¥ I Y Ey I pyEg R L.
x S/IN=10dB \
1100 \\
-120
Range (m)

Fig. 5-6 Possibility of long range measurement of RVR

— 05, BAFIvIBATOTT TRV OHA, BidLiEEBY L—VHERKDLZ LN
T&EHDT, AET 4 v 7 4 A TITH_XTREREICANTHS. 22T, RVRDOIEF/NRT A
— B EEZFTICHZ RVS LRI AW, B — L3530 %2 0.14deg & RE LT-HBHADZEL L
% Fig. 5-7IZ/RT.RVSD X A F I v 7 L iL Table 5-3 20 54 60dB EHEE SN D 2 &b,
10dB~v—Y v & & x5 & 10kmBEE CEHIATEEEZE X bND.

91



1 10 100 1000 10000 100000

Received power (dBW)
A
o

50 \,
0 | Dynamicrange 60dB 7 i \ 1
-70

Range(m)

Fig. 5-7 Receiving power estimation on dynamic type laser radar

72, ORVR LRRICHA T I v 7 Lo vadET 5, QV 7L 7 20z RE<T 5,
@U—FHRE N EWTEOMN»OFELX D Z & T, FRERAICIEF X EERE 50km 2L FE T3
WAREL 2 D A[REMER HD. 2D I D, QIZBLTL, A¥T 4 v 7 XA T ORE L FRRRH
Mmbdb s, QIELTIE, A¥T 4y 7 Z A7 LRBRICELEORMENRE 2 b5 DS, &iEBEK
TIXV 7L 72 TH%H CCRMVNREL THRMNIKEICENEN L2h, CCRZRE Lz
T, #ZEROTHAERT 5 BT Fig. 5-8 @ X 9 |2 FEEk CIIkZE M ol 5 E ik
(RLEZONRFHIITE LMV BEEEES) L L, EEEAXEMCEE DL —FE2HWD
CLECEEMAERTXAAREEND D, I E EEBEE O F M > Y (Long range optical
rendezvous sensor) & FES. BEEHOFRXE L TR, AXT 4 v 7 XA 70X —¥hEdH
DAEIIT TR T 2 HkE, AX Yy = I XA TR L —VFHhERAF v S DL
WD, HEE, AF Y =2 7S A TEBEEIIE ORISR S 505, E#R ORI
BN 5. BIESWRO LD 27 75 7 i+ 2 %E64] bt Tk Y, RIZZ
LD Z i LT f 3deg T35 Z & 25 2 5 &, (3-5)~(3-7)7H> & 50km Hit 52 D B £ K 5km
DI TEBLSIEDN & D05, THITHEREEE LR CETH Y, Z DO F £ TIHHRL L.
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o T, AFXEWMILESED7202E, V—FHhEzEit ey 50, #ER%E Az, EIl 0%
DO AX ¥ =0 7 TERL, 4 RIRAF v SR H M CRELT 2 W Z MR 5 MR
b5, BHEOHFKIT, BEREAX Y=V I EATE L TR EREAHSES. AFRZE, K
FIRR R IR 5 72 i, A5 R & ORI OB ML S BEMEE T L W2 ER & 5.

Near range

| Transmitted light

- / Scanning
I-- TX-near ﬂ

Transmitted light

CCR near

Long range*

Scanning or Static*

]

* Static type is that laser radar emitted high power
I" TX-near laser to wide angle from “TX-far” and measure the
relative range and line of sight angle due to
scanning the mirror of RX.

R far

Fig. 5-8 Example of long range optical rendezvous sensor

ZIVE TOMF T, BIEHEKHLE ETiThbN TS RVDICEHHA SN TS 7T 7
D PLARAE 2 TR T2 GPS Haxf - AHHLE SR T & 2 HBRAK & EEE <k, R T v
T L O MkE A km UNICEETEDLZE0D RVR DX IRAZT 4 v I 84 TR
AVGS, RVS DL 2R FZAFT I v I A TOT T TRz EMANETH L. ik
LB ICB W TIE, AVGS R RVS %, ¥ A F X v 7 & A 7 &YRk LI il v 3 23R v hg
Thb., —F, H-BREREI Yy a T, ZhberVOIERT CIXEANRRETHY,
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HICREMHAOZ 772 Y RNE L 2%, TOEEME LTI, Fig. 5-8 Tik~x7= Xk 9 2 RiE
BEL YL o RIS SICEH S V— Y E EEEH[65] DS, BT 134 2 [ 1
mE MW EHRE L EiEN A TOMEEERELOND. U Ed LD b D% Fig. 5-9 I
Y. ARBEBREICEOTCEIEBRHMEE WORERH L b D00, HEHEE Y ORO /N -
B, BREL VO RBEZINE, A%OEET VT THIEICEFMIE Y 27 A0 A%
HAThdEEZOND.

5Km e e e e e

Long range optical
navigation sensor

Orbit determination accuracy using ranging

G .
| Scanning Type
100m | _ .
: Static or Scanning Type
1
1km 10km 50km -
Handover point to proximity rendezvous zone
T Leo/MEO  [___1GEO  [[___JLunar/Planet
Fig. 5-9 Rendezvous sensor type and applicable range
55 F&H

L% O RVYD X v b L CHIEREGE B2 2 HEEEMG, MED O TOFHAT —
a U ~OWEOHK, FIRS, A -HEEEICST LV TN X — o Eix RFEEIEBHNE 2
bhb. ZNLFEFPREEND I v 2O RYD T, AHFE - [KETRZ2 RVD OFEBR L LG
IZ, RVD SR /AL - BB L ARD BN S, T E2EHAT L0, THET v F 7HEBIE
FHAE L AT 2 EWAT LA REIC O W THRF Z1T - 72,

9, HERERIEE O 5 B, K EE#GE T, GPS #ixl - HXESFIHAFRETH Y, M
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*HEREE 1km LA F OB E CHRAFRETH D Z &0 5, ETS-VII % THE EEIEI T2 086%
WiEY AT ABFMAARETH D, —F, FFIEHEICEB W TIL GPS MEH TERWI &b |
MOED Ly Py TICESEERT DR, LYy 7 OREEN SARREEE 10km 22 o B A T
FE7 T THEREDOFMHERE 2D, ISR LT, BEEHINTHWEIAF Y =X
ATDV—FL—Fa2RIEHILT DL THET VT I7HMENEBAIETHL Z LR bro Tz,
WICH -BMEREDOLS, VoYV T ORMEND T T 7B~ O R E S B EE 50km 2
FEZZR DR H Y, ZHE THRE STV S RVD Al U 2L T 27210 Tid+4
W, 22T, mEEEA COTERERICREI A 0T T, mIERER IR R A ol L Tk
ZEROTHEMBAPERL, THEER CIXZ AT I v 7 44T 2HNL B RIS E"D
V=¥ mEFOWRR, LICIHEMBERE LZED AT OMEEREZLLOND.

TR DR T 7 Ty A7 LOWZE - R TIX, L—F L —FORBEEEO/NY - &
fENREBEIZRDEEZDND.
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E6E faim

itk D RVD Tl, FICEKR LV —FPHIEFEE LTHWONTE 22, HIHEREE Vi
BO(ETS-VID) IZBWT, MLy AT A zfZE L, A T THE) RVD (2 M L#E L
THEIE L., HFIEC AT AL, L—¥F L —% (RVR) LB AT &4 (PXS) @ 2 O
Lol L, BEEL 72— XL Ry X 77 =2—XTHEHH L., BFMIES AT L
X, VT T ERIATANLOEREWZL, DOEEEOREVEC Y EZ B L AR v U
WEEFZ RNV TR B RER B TRASNE., ThiCL Vv FEE YV RagD
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