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Rendezvous strategy for the active debris removal missions
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In the Active Debris Removal (ADR) mission, the chaser satellite should approach to and rendezvous with the
non-cooperative space debris. Since non-cooperative target does not have precise orbit information nor any
navigation aids such as laser reflectors or markers, it is difficult for the chaser to perform reliable relative
navigation against the debris. image sensors, such as visible cameras and infrared cameras, are considered
effective navigation sensors which can be used in wide ranges. However, functions and performances required
to these sensors have not been clarified. In this study, authors suggest a practical rendezvous scenario which
secures the trajectory safety and clarifies the requirements regarding relative navigation.
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OUTLINE

B Background and Motivation

B Relative Navigation System

B Rendezvous Scenario

B Approach to clarify the requirement for navigaton sensors
-> Linear Covariance Analysis

B LCAresult (example)

B Summary & Future Work
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Background and Motivations

B Space debris are non-cooperative targets
"cooperative" target "non-coopera}&/e" targets

B Trajectory information contains large error and is less frequently updated
® High precision orbit determination such as R&RR and GPSR is not available

B Relative navigation is less reliable
® No “active” aids for relative navigation: GPSR, transponder, retro-reflector
® Limited information on the target surface characteristic and posture
@ Sensitive to lighting condition (geometry of the target, chaser, and the sun)

Relative navigation feasibility is the key to rendezvous with debris

- Clarify the requirement for the relative navigation system to
approach to the debris

Relative Navigation Method

B Vision-based navigation using cameras (visible and IR) has the 1t priority
@ Relatively low cost, small size and mass
® Valid in wide range  * Visible >100km, IR ~20 km

- Far: Angles-Only Navigation (AON) -> bearing angles (= relative position)
- Middle: Model Matching Navigation (MMN) -> bearing angles + range
- Near: PAF-Tracking Navigation (PTN) ->6-DOF
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® |R camera is robust to lighting conditions, but lower resolution than visible camera

Debris {2

B Laser sensors are options. Stable, but need high power and high cost

This document is provided by JAXA.
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Rendezvous Scenario (1/3)

1.

Rendezvous Phase (distance = 100 km —1 km)

2\ 100 km
Visible Camera (AON) e . ( ;
- Dual Co-elliptic Orbit ] ;
PA trajegtory l !
IR Camera (AON) PmSRSe :
\ O
PR '
ZyvLH PA trajectory

Visible Camera (AON)

® Dual co-elliptic orbit

adial

Passive Abort (PA) safety would be prioritized
considering the navigation uncertainty

R
-

4
§
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Stable-Orbit Rendezvous
® Vision-based Angles-Only Navigation (AON)

Beyond the AON available range, TLE/SGP4 navigation is used
AON starts from about 100 km with visible camera

From about 20 km, IR camera is available

Radial s Optical observation

Tangential

L

e

Dual-Coclintic Rendezvous
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Rendezvous Scenario (2/3)
2.

Proximity Operation Phase (distance ~ 1 km —30 m)

- ) Y pA trajectory
Xpvim e 30Mm  100m

\ ‘ 1km
-Forced Motion

V-bar hopping
ZiyLu

® V\/-bar Hopping -> Forced Motion

Keep Passive Abort (PA) safety

— V-bar hopping requires lower AV compared to forced motion

® Model Matching Navigation (MMN)

From about 1.2 km, the shapes of the debris imaging becomes clear and MMN starts.
Range and bearing angle data obtained from MMN.

Optional laser sensor provides range measurement with higher accuracy.

This document is provided by JAXA.



B [AR—=2F TV —

Ay ) G RHE

Rendezvous Scenario (3/3)

3. (distance =

v

Final Approach Phase

/
U
4

30m-)

PA trajectory

\o\ Circular flyaround
R
a

® 30m Hold -> Circular Flyaround

Keep Passive Abort (PA) safety

;

12

4=

Mission Control Center

® Motion estimation on ground -> PAF Tracking Navigation (PTN)

Onboard PTN starts in the middle of circular flyaround

Navigation Sensor Mapping

Relative Range

235

Proper final approach trajectory generated with reference to the predicted motion

Ground operator performs precise pose estimation and prediction by collected images

100 km 10km 1 km 100m 30m 5m
Rendezvous Phase i i i
i i Proximity Operation Phase I-@D i
- . Final Approach Phase

Bearing Angles (AON)

Narrow
t
1

Visible Camera (FOV-'r'LZOdeg) |
]

Bearing Angles (AON)

Beari;liiA

DN)

IR Camera (FOV =30deg)

Laser §ensor
1

o il
v
LA

H Ra-nge + Bearing Angle§ (MMN)

Range + Bearing Angles (M

Range + Bdaigles (MMN)

Range

- ——— g —————

N)

6-DOF Nav. (PTN)

6-DOF

Nav. (PTN)
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Question

B What are the requirements for Visible /IR camera?
® Bearing measurement accuracy
® MMN range accuracy
® operational range
® Measurement frequency

B Hand-over from AON-> MMN at 1km distance feasible ?

B Laser sensors inevitable ?

> Clarify the requirement for relative navigation sensors

[APPROACH]
* Perform Linear Covariance Analysis (LCA) for various simulation cases with

different combinations of sensor specifications
— accuracy, frequency, operational range...
* Investigate the trajectory dispersions and find out the simplest combination

which achieves safety approach.

Linear Covariance Analysis (LCA)

B Method to evaluate dispersions of rendezvous navigation/control errors

® Monte Carlo method

® (Linear Covariance Analysis
— Produce the same statistical results as the Monte Carlo simulation with shorter period
of time
— Powerful tool especially in the early study phase

B Inertial state based LCA formulation with event trigger, proposed by Geller.

X £ [rdebris Vdebris Ichaser Vchaser] S5 TRUE STATE ERROR3¢ ellipse (every70sec)

= Reference trajectory
T4 Maneuver point

8X = X — X : true state error St

§% = & — x : havigation state error

£|kmy

X" = [6x" 6%"] mp C, = E[6X5X"] .
.005

Propagation C, = FC, + CA?T + WSWCZI/T 001
Measurement +y - T T
Update Ca(ty) = o, Cu(t )y + BR, (4B, |
Maneuver ey _ - T T 0
Correction CA(tj ) - ‘C“ZJCA (tj )91 + '/VISAWj(tj)‘/VJ’
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Linear Covariance Analysis (LCA)

B Method to evaluate dispersions of rendezvous navigation/control errors
® Monte Carlo method

® (Linear Covariance Analysis

— Produce the same statistical results as the Monte Carlo simulation with shorter period
of time

— Powerful tool especially in the early study phase

B |nertial state based LCA formulation with event trigger, proposed by Geller.

X £ [rdebris Vdebris TIchaser Vchaser] «104TRUE STATE ERROR3y ellipse (every10sec)
-8 1
:
X = X — X :true state error . /4 Maneuver poit
8% = & — x : havigation state error .
oXT = [6x" 6%7] i C, = E[0X0X"] . E=2
N

Propagation C, = FCy + CL,F' + WS, W"

Measurement + - T T
Calt)) = A Calty ) ) + BiR, (1) By,

Update

Maneuver

Correction

Linear Covariance Analysis (LCA)

CA(tj“):ngA(tj_c).@f+-Aijij(tj)=/V} ‘ 0.09 0.1 0.11 012 043 -0.4

B Method to evaluate dispersions of rendezvous navigation/control errors
® Monte Carlo method

® (Linear Covariance Analysis

— Produce the same statistical results as the Monte Carlo simulation with shorter period
of time

— Powerful tool especially in the early study phase

B Inertial state based LCA formulation with event trigger, proposed by Geller.

X £ [rdebris Vdebris Ichaser Vchaser] 0 TRUE SATE ERROR3o ellipse (every300sec)

8X = X — X : true state error

§% = & — x : havigation state error 15

6XT = [6x" 5%7] mp C, = E[6X0X"] £

Propagation C, = FC, + CA.‘}-T + WSWWT
Measurement, - T T
Ca(ty) = & Colty ) oy + BLR (1) By, 4
Update
Maneuver
Correction

CA(tj-l-c) = ngA (tj—C)gf . ./VjSij (tJ)JV; 0 =10 -20 -30 ﬁi:‘(r]n]‘ =50 -60 70 -80
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Linear Covariance Analysis (LCA)

B Method to evaluate dispersions of rendezvous navigation/control errors
® Monte Carlo method

® (Linear Covariance Analysis

— Produce the same statistical results as the Monte Carlo simulation with shorter period
of time

— Powerful tool especially in the early study phase

B |nertial state based LCA formulation with event trigger, proposed by Geller.

X £ [rdebris Vdebris Ichaser Vchaser] 0 NAV ERROR3o ellipse

_ = Reference lrajectory
0X = X — X : true state error ' s
VIS validity

S _ & = i i t ====|R validity
8% = X — x : havigation state error e

OXT = [ox" 5%7] m C, = E[6X6X"]

Propagation C, = FCy + CL,F' + WS, W"

MeasurementCA([;) L .kaCA(t];)d£+ '%kRv([k)'%{

Update
Maneuver fey _ —c\enT T %6 10 20 30 <0 50 60 70 -0
Correction CA(tj )= D;Ca (tj )91 ¥ '/VJSij(tj)‘Aff . X[km]

- Ead 3
Baseline Trajectory (1/2)

0.5
Reference trajectory
0 | e e | i 111 % Maneuver point —
{ Downrange Trigger | | ||, LRF validity
0.5 H -4km M1 VIS validity
“\HAMZ CcM3 - === R validity
, - s IMAGE validity
A ""'“\4.____. "‘\‘/’
T 151 IRCAM-Meas:
==,
N
25
3t : START
HAM1 —
351 Downrange Trigger cM2 CM'
-30km
4 | 1 | | 1 | | |
0 -10 -20 -30 -40 -50 -60 -70 -80
X[km]
Til Tri \Y
rort [ e el [ v | vorewvr | v/ S i e | e | wnewer | avini) |
CcM1 830 At Coelliptic 0.087 .
HAM2 22381 X=-4km CW targeting 0.41
CcM2 5010 At Coelliptic 0.18
Corrl 24806 Z=0km Z stop 0.60
HAM1 (8898) X=-30km CW targeting 0.67
Corr2 24818 Z=0km  Zstop 0.20
M1 11868 At CW targeting 0.66
1 km 24819 At 1km VbarHold
cM3 14959 At Coelliptic 0.31

14
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Baseline Trajectory (2/2)

| GREEES e CRie W Ry RS e =« T

— Reference trajectory
“  Maneuver point
........ LRF validity
VIS validity
====|R validity
IMAGE validity

VH2 VH1 Corr1&2 1km

/\ 4 W S‘?OP fHoId)

V-bar Hopping ™~ . \ /

Model Matching Navvigation (MMN)

0.02
0.01
Hold
30m VH5 VH4 VH3
OF j—————e——=
E ! 100m, \
& | Forced °
0.01 : Motion
|
|
002 |
I L
|
|
003 1
|
0 01 02 03

04 05 06 07 08 09 -
Alkm]

mm AV[m/S]

VH1 297
VH2 570
VH3 878
VH4 1216

Vbar Hopping
Vbar Hopping
Vbar Hopping
Vbar Hopping
Vbar Hopping

0.001

g 1557 Z stop/ Hold 0.23

0.42 100m 2557 At Forced Motion 0.23

033 30m 4357 Hold

0.24 Total: 6.4 m/s (excluding 1km/100m Hold) 15

Simulation Parameter (1/2)

Debris Orbit

Propagator

Navigation Filter

Initial Error
Random(30)

Maneuver
Error

Truth

Navigation
Noise(30)

Misalignment

Altitude 620 km
Sun synchronous Orbit (LST 18)

1Hz
Geopotential: JGM3 20 X 20

Drag, Solar radiation, Luni-Solar perturbations: not applied

1Hz

EKF to estimate inertial position and velocity of debris/chaser

Geopotential: J2

Tangential : 2.5 km, Ragial: 300 m, Normal:300 m

(TLE/SGP4 estimated navigation accuracy)
Save as above
5% of magnitude

Not Applicable

16
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L CA Simulation Parameter (2/2)
| w

Medium Medium+LRF

Visible Update frequency 1Hz
Camera .
(AON) Operational Range MMN Start ~ 100 km

Random Error (30) 0.1953 deg (10 pix) 0.0977 deg (5 pix) 0.0391 deg (2 pix)

Bearing angles Assuming =10 deg FOV, 1024pix Resolution

IR Camera Update frequency 1Hz
(AON) -
Operational Range MMN Start ~ 20 km
Random Error (30) 0.2344 deg (10 pix) 0.1172 deg (5 pix) 0.0469 deg (2pix)

IS Assuming =15 deg FOV, 640pix Resolution

Vis/IR Update frequency 0.5 Hz 0.5 Hz 1Hz
Camera .
(MMN) Operational Range <600 m < 1.2 km <1.2 km
Random Error (30) 0.2344 deg (10 pix) 0.1172 deg (5 pix) 0.0469 deg (2pix)
Bearing angles
Random Error (30) 10 % of range 5 % of range 3 % of range
Range \ /
Laser Range Update frequency 1Hz
Finder
Operational Range <600 m
Random Error (30) im
Range
* Bias errors are excluded in this simulation 17

Result - Navigation Dispersion (1/2)

Low NAV ERROR3 ellipse Middle NAV ERROR3< ellipse

=Reference trajectory =Reference trajectory
| [ © Maneuver point m ]| S I [ I © Maneuver point m
| AR (| N (N N LRFvalgty || W% 0 e LRF validity
05 1 VIS validity 05 i VIS validity
L ====IR validity e ====IR validity
T /\J IMAGE validity TP ’\J IMAGE validity
= 15 = 15
5, N
Nt N oot
25 25
3 k 3 k
as| ) as| - ——
0 -0 20 30 40  -50 60 -70 -80 g -10 -20  -30 40 50 60 -70 -80
High NAV ERROR3y ellipse [ Middle + LRF } NAV ERROR3y ellipse
—Reference trajectory —Reference trajectory
ﬂg ________________ © Maneuver point m O T T © Maneuver point m
"""" LRF validity I v | RF validity
L2k VIS validity 03 VIS validity
P ====IR validity S ====IR validity
T “\J IMAGE validity T ’\/ IMAGE validity
= 15 = 15
g, 2,
N o2F N 2l
25 25
3 k 3 k
35 N — 35t ""*hﬁ

X[km] X[km]
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Result - Navigationﬁ Dispersion (2/2)

B Navigation Dispersion (Medium Case)

1000 120 120
Ao NAV ERROR3q ellipse
: . — 800 1 i
——Reference trajectory £
0 ]( *************************** * Maneuver point il 5 'E 80 E‘ 80
-------- LRF valdity 5] 5= 72
os VIS validity 2 64D é é
\ =am= R valldity a @ 60 1 g €0
TR o SHE / IMAGE validity >é 400 nD. ﬂG—
155 E &% X
g Ll & 200

20 20 k
25} 0 g 0
al 0 2 4 0 2 4 0 2 4

| time[s]10* time[s]10* time[s]10*
351 | EE—
% i | | | i | | ) i § 1072 0.
0 -10 20 30 40 50 60 70 -80 : :
X[km]
0.025
— 0.06 —6 =
L 2 2
£ £ E 86
Z 2 Z
2 0.04 { Ba S oots
At 30m Hold point, f g E o
[ (S &
ox=99cm, oy=6.0mm 0.02 2 L\ 000s
0z =6.0mm
0 0 0
0 2 4 0 2 4 0 2 4
time[s] 10* time[s]10® time[s]10*
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Result - True State Dispersion (1/2)
Low UE STATE ERROR3 ellipse (every150sec) Middle 5,  TRUESTATE ERROR3s ellipse (every150sec)

A | S— — — —Reference trajectory . 1 — Reference trajectory
0 r “ Maneuver point L e I Tl © Maneuverpoint |
T | . LRF validity | TR (N | | N LRF validity
e i VIS valldity 0.5 { VIS validity
3 3 ====IR validity 4 4 =="IR validity
IMAGE validity IMAGE validity
= 15} =15
i3 £
N2 N 2
25¢ 25
aif d
35 3.5
i i ! i ) ; i } 3 | | | ! ; }
o -0 -20 -30 40 50 -70 80 o 10 20 -30 40 50 60 -70 -80
X[km] X[km]
High [ i JTRUES ATE ERROR30 ellipse (every150sec
RUE STATE ERROR3 ellipse (every150sec) Middle + LRF i llipse:(everyialoes)
0
=1 —— Reference trajectory
B e S e | f::zz:s ;:J:!dw =l . I I I *  Maneuver point b
0 e V| e LRF validity
| , === IR validity 1 =l
1 ATy IMAGE validity
= 15
15t é
2, N
N 2 v 2
25
25
a4
at
%5
35
i ! | J j { ! ) 4 : : j z : i 5 :
4 0 -10 -20 -30 -40 -50 -60 -70 -80
0 -10 -20 -30 -40 -50 -60 -70 -80

X[km]
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Result - True State Dispersion (2/2)

B True State Dispersion (Medium Case)

Z[km]

TRUE STATE ERROR3¢ ellipse (every70sec)

Reference trajectory

% Maneuver point
........ LRF validity
VIS validity
====|R validity
- IMAGE validity

Result - True State Dispersion (2/2)

B True State Dispersion (Medium Case)

-0.015

-0.01

-0.005

Z[km]

0.005

0.01

0.015

0.02

0.025

TRUE STATE ERROR3¢ ellipse (every70sec)
1l

—Reference trajectory
' Maneuver point
"""" LRF validity

WIS validity

====|R validity

IMAGE validity

0.2

oflb——-——---—"——-— e ——— ———— — =
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s s Y
Result - True Statg Dispersion (2/2)

B True State Dispersion (Medium Case)

w107 TRUE STATE ERROR3¢ ellipse (every70sec)
-4 - — Reference trajectory
%  Maneuver point
i) O R —— T T . LRF validity
WIS validity
====|R validity
sy IMAGE validity
l—|-1 B
£
=A
N 0 =
1 .
2
At 30m Hold point, ox= 15cm, oy=25mm, oz =25mm
S * Bias error not considered

| | | | | | | | Il | |
0.026 -0.028 -0.03 -0.032 -0.034 -0.036 -0.038 -004 -0.042 -0.044 -0.046
X[km]

Without bias errors, the dispersion is small enough
23

s Fa 3
Vbar 1km Insertion with AON only

B  True State Dispersion (Low Case)

TRUE STATE ERROR3¢ ellipse (every250sec)

0.5r 1
1 Reference trajectory
Q- } *  Maneuver point
11 | Y AN AN LRF validity
05 I VIS validity
’ 15 === |R validity
] : - IMAGE validity
1
1
151
E 1
Y 1
N 2r- 1
1
1
2.5 1
1
1
3
1
L 1
35 ]
1
4 1 | | | | | | 1 1 |
0 -10 -20 30 -40 -50 -60 -70 -80 -90
X[km]
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Vbar 1km Insertion with AON only

B True State Dispersion (Low Case)

TRUE STATE ERROR3« ellipse (every250sec)

0z} [
— Reference irajectory
: & Maneuver point
ol T . | S | T O I LRF validity .
| VIS validity
! ===+ IR validity
a1 ! - IMAGE validity
; |
|
— |
E 0471 |
oy I
™ |
06+ i
|
|
08 :
|
|
& |
: [
'S J L
0.5 0 0.5
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Vbar 1km Insertion with AON only

B  True State Dispersion (Low Case)

%107 TRUE STATE ERROR3 ellipse (every250sec)

. ’[ — Reference trajectory

#  Maneuver point
N [N I U N AN N - LRF validity

VIS validity
=== R validity

A = = IMAGE validity
=

Z[km]

4 -
ox=59m oy=13cm, 0z =13 cm * Bias error not considered
6 =3
1 1 1 1 1 1 1 1 1
-0.97 -0.98 -0.99 -1 -1.01 -1.02 -1.03 -1.04 -1.05
Xlkml]

LCA with bias error considered will clarify the actual requirement > Next Step
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Passive Abort Safety

ey
e ] e || | M1 fail J
| Downrange Trigger e | RF validity i
051 -4km M1 VIS valilty . JRUESTATE ERROR3~ ellipse (everyfSOsec)....
\ . === IR valldity -
1k “\l:LA’M-Zs_._EM\B\/I IMAGE validity | T:ea;ereuszférjj:tdwy
e
| v\ ViscAM o gl e LRF validity
=15 IRCAM Meas. VIS validity
5 ol === IR valldity
g IMAGE validity
25 E
=
st k START N
HAM1 .
351 Downrange Trigger cM2 S BT
-30km M1
4 L L L L L 1 L I}
0 -10 -20 -30 -40 -50 -60 -70 -80
X[km]
VH3 fail ][ Corr1 fail
o ellipse (every’ ec)
oosf ) s TRUE STATE ERROR30 ellipse (every400sec)
004 i Maneuver paint 4
\ LRF vy S Gncs Tk
Z:z : %ZEEZM -0.2 i x M:n;:::p;em K | M1 Reference trajectory
By \F\ o WACEwlah | eves LRF valldity 0.5 | A # Maneuver point
£ x VN3 VH2 VH1  1km 0 P =1 s valiy - ¢
- I\ X 7 ====IR validity 1 { VIS validity
oR1 ) \\\ (\/ 3 /" 02 A IMAGE validity HAM2¥ i ====|R validity
002 M =4 — ! g ]| IMAGE validity
003 g 04
0.04 N : [

02 03 -04 05 06 07 08 09 -
,,  TRUE STATE ERRORS elips

a
.
.,
.,
X

-20 -40 -60 -80

Summary and Future Work

B A practical navigation system and rendezvous trajectory which secures the
trajectory safety was proposed.

B Linear Covariance Analysis (LCA) were performed against various simulation
cases with different combinations of sensor specifications (only random
errors considered).

- ltis shown that investigating of the trajectory dispersions from LCA would
clarify the requirements for relative navigation sensors/system.

B Current result shows that the dispersions at 1 km/ 30 m would be small
enough to keep the safe approach. However, potential bias errors such as
thruster/sensor misalignment and measurement biases, which are not
considered in the current work, will widen the dispersions.

- LCA with bias error considered will clarify the actual requirement

28
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