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B [ntroduction

— What is a "non-cooperative target" ?

— Why approach to a non-cooperative target is challenging ?
B Structure of approach operation and necessary

technologies

B Key technical issues

— Orbit prediction accuracy of LEO space debris

— Relative navigation sensors for space debris

— Angles-only navigation

— Trajectory design to avoid a collision with a target
B Approach case study by numerical simulations
B Conclusions
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1. Introduction

What is a "non-cooperative target" ?

B Non-cooperative target is

— Arendezvous target which does not have any cooperative functionalities to
support approach guidance, navigation and control

B Features of non-cooperative targets
— Orbit determination by R&RR, GPSR is not available
— No target markers or laser retroreflecters for vision/laser sensors are available
— Knowledge about optical property (specular/diffuse reflectance, etc.) is limited
— Attitude is not known and it is not controlled but in natural motion

"cooperative" target "non-cooperative" targets

1. Introduction

Why approach to a non-cooperative target is challenging ?

B Approach to a non-cooperative target is mandatory for active
debris removal (ADR), but itis NOT EASY

B Poor knowledge of a target orbit
— Accurate orbit data by R&RR, GPSR is not available
— Orbit data by radar tracking (TLE, etc. ) is available but poor
B Poor knowledge to design S/N of relative navigation
— Poor knowledge of optical property of surface and attitude
— Wide range of lighting condition (Solar illumination, Earth albedo)
— Difficult to confirm stable relative navigation
B Poor knowledge of location of target center of mass

— Location of target center of mass should be known to establish
stable relative orbit keeping

— Estimation of target center of mass in the target body is not easy

This document is provided by JAXA.
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2. Structure of approach operation and necessary technologies

Structure of approach operation

Target shape can be seen. Detection of the target.
Range can be computed by its size. | | Relative navigation starts

Estimate pose (relative position
and attitude) by vision-based
sensors

Methods of navigation Application of navig

NORAD TLE, Radar tracking
Target: NORAD TLE, FGAN,
Kamisaibara radar station

Chaser: on-board GPS navigation

Absolute navigation
Target: TLE-SGP4
Chaser: GPS navigation

Vision based Angles-only Relative Orbit prediction accuracy of
navigation Relative navigation LEO space debris

Measure LOS angles by vision-based navigation (Angles-only
sensors Pose navigation) Angles-only
estimation angles navigation
Vision / LIDAR based navigation + range
Measure range by target size or LIDAR

angles Relative navigation sensors for
+ range space debris

Vision / LIDAR based Pose + attitude NG )
estimation ~N/"

Measure pose (relative position and . . .
attitude) bF;/ visiE)n-basecgJ sensors or Flash Traj.e'c tory .deSIQn to avoid a
LIDAR collision with a target

Key technical issues

2. Structure of approach operation and necessary technologies

Structure of necessary technologies
/‘4\
Near rage | SS

Phase Target shape can be recognized
EE— Pose estimation starts Medium range
Technology to attach debris Target is detected as a tiny dot Far range

. Relative navigation starts
removal device

Target is not detected
Absolute navigation

Pose estimation technique

Near range technique (fly around,
Necessary approach to attach devices)

technology
Navigation sensor technology

Lighting condition modeling technique

¥Main
topics of this
presentation

Orbit
determination
technology for a
non-cooperative
objects in space

Relative navigation technology (including Angles-only navigation)

Safe trajectory design technique to avoid collisions
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3.1 Key technical issues - Orbit prediction accuracy of LEO space debris

Orbit prediction accuracy of LEO space debris

B TLE is important apriori knowledge of target orbit
B Orbit prediction accuracy of TLE/SGP4 is investigated by several authors

— Aida S., Kirschner M., “Collision Risk Assessment and Operational Experiences for LEO
Satellites at GSOC”, 22nd ISSFD, 28 Feb. - 4 March 2011, Sao Jose dos Campos, Brazil
(2011)

- EHEBER, BiZ XEBEFHE SILMHN, BER, BEETF, THHEX, AR—XTIVUEERE
LM, ES4RIFHEZEMESEESR, 17 Nov, HERI AR a07—YtE24— (2010)
B Typical TLE/SGP4 performance of LEO debris:

1 day propagation 7day propagation

i) Tangential fa Tangential
Cross-Track g Cross-Track &
ngh solar
0.5-1km 2-10 km 0.5-2km 15-50 km

actlwty

0.5-1km 1-2km 0.5-2 km 2-8km
activity

— During high solar activity period tangential errors after long propagation become large
— Low altitude debris tend to have larger tangential errors after long propagation
— Radar Cross Section (RCS) has sensitivity to accuracy of TLE

B Other radar tracking stations (ex. FGAN, Kamisaibara) have great functionalities to provide
target orbit data timely 7

3.1 Key technical issues - Orbit prediction accuracy of LEO space debris

Example: TLE/SGP4 prediction accuracy of ADEOS-II

B ADEOS-2(803km), 2003/5/20, F10.7 flux = 117.1
B GPS orbit determination data is used as reference

25 I
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—&— Along Track
20 —©—Cross Track
s /
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i
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Elapsed Time Since Epoch[days]
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3.2 Key technical issues - Relative navigation sensors for space debris

Relative navigation sensors for space debris

B Visible Camera is low cost and available in long distance, but not available at night and
sensitive to lighting conditions

B Infrared Camera is available at night and not sensitive to lighting conditions, but available
distance is medium

B Laser sensors are available at night and stable, but need high power and high cost

8

LOS Angles

X

Low cost Not available at night So many on-board visible
VXl O x O O Long distance Sensitive to lighting conditions  cameras are flying in
High resolution Poor range accuracy space
Infrared . . Low resolution Planet-C, ALOS-2,
O x O O O sztassltij? r;'tgi:t conditions Available distance is medium Hayabusa-2, Orbital
Camera ghting Poor range accuracy Express, Space-X Dragon
Laser Avallab'le at night LQS angles NOT meastljred Hayabusa-1/2, SELENE,
Range x O O x (O Longdistance High power consumption o
Finder Accurate High cost (?) P
Available at night . .
SCAN slolololo | weememes High power consumption XSS-11

LIDAR High cost (?)

Accurate
Short distance only

High power consumption Space-X DRAGON
High cost (?) 9

FLASH
O

Available at night
X
e O O O

Attitude can be measured

3.2 Key technical issues - Relative navigation sensors for space debris

Mathematical modeling of relative navigation sensors

M Visible camera detects reflection (both specular and diffuse)
of sunlight from target surface

B Infrared camera detects thermal radiation from target surface

M Laser range finder detects reflection (both specular and
diffuse) of transmitted laser pulses from target surface

B "Modified Phong model" is used as reflection model

|
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| |
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Visible Camera Infrared Camera Laser Range Finder o
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3.2 Key technical issues - Relative navigation sensors for space debris

Case study: Visible camera detectability

B Detectability strongly depends on optical property of target
= This is just a case study!
B Visible camera may detect target
— from 65km@20deg sun angle Kd = 0.2; % diffuse property
— from 30km@30deg sun angle D= 5803, & dianeter of optissr]
— from 15km@80deg sun angle A = pix2x2; % target size[n 2]
log10(S/N)
‘ 5
80 \\ 4
N
70 \ \(\ 3
— 60 1\ ’
3 \ 1
% 50
£l A\ °
< 40
c -1
N 2
20 \\ — N
10 L -
Visible Camera
0 20 40 60 80 100 1t
Range[km]

3.2 Key technical issues - Relative navigation sensors for space debris

Case study: Infrared camera detectability

B Detectability strongly depends on temprature and infrared emissivity
of target = This is just a case study!

B [nfrared camera may detect target from 15km
B Infrared camera is rather stable against solar lighting conditions

epsilon = 0.57; % Emissivity of surface
A =pix2°2; % target size[m"2]
8 D = 47e-3; % diameter of optics[m]

D_star = 2.00E+06; % Specific detectivity[m Hz 1/2 W -1]

log10(SN)
S
—

thermal
2 radiation
’ ., S
——y
M v )
0
0 5 10 15 20 25 30 35 Infrared Camera 12

Range R[km]
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3.2 Key technical issues - Relative navigation sensors for space debris

Case study: Laser range finder detectability

B Detectability strongly depends on optical property of target
= This is just a case study!

B Laser range finder may detect target from 20 - 60km

Kd =0.2; % diffuse property
Ks = 0.5; % specular property
Po = 1. 00E+06; % laser peak power [W]
45 log10(S/N) D=0.1; % diameter of optics[m]
SA =0.4; % sensitivity[A/W]
A = pix2%2; % target size[m 2]
40 \ \
2
[}
? \ \ laser
3 RENANIEAN
o0 AN
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/
4

sunlight

specular
5 :
0 R 7 ‘ 2
20 40 60 Laser Range Finder 13
Range[km]

3.3 Key technical issues - Angles only navigation

Angles-only navigation

B What is Angles-only navigation ?

— Navigation method to estimate relative position and velocity by only target
direction (Azimuth/Elevation) from cameras

B Why angles-only navigation is necessary ?
— Atarget is seen as a tiny point from long distance

— If laser sensors are not available, a chaser must approach to a target using only
direction information until target shape can be seen on a camera image

B Features of angles-only navigation
— No direct 3D position information
— Trajectory should ensure visibility and observability
— Proper maneuver execution stimulates observability in tangential direction

Radial

Tangential Measured elevation angle n

Target

Chaser 14
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3.3 Key technical issues - Angles only navigation

Navigation filter for Angles-only navigation

B Extended kalman filter is formulated for angles-
only navigation of LEO rendezvous

— Estimated states
x=[oa,ade, ade,,adi,, a&yaﬁu]T
Elevation n and Azimuth ¢

— Measurement model 1 aremeasurements from
CAM /uCAM) cameras

z=[n,¢6]' =h(x) n=a tan(u,

¢ = asin(u,"")

Relative orbital elements

Range is measurement
CAM) — | from laser range finder

z=[r] =h(x) r=norm(r

CAM _ ~CAM ~RIN ~CVL CAM __ _ CAM

: CAM: camera coordinates
- Dynamlcs model Simple S'Eé\\ RTN: cartesian orbital coordinates
_ transition . i ; ;
X, = Q)(tkﬂ,tk)xk . CVL: curV|'I|near F)rbltal coordinates
matrix REL: relative orbital elements 15

3.4 Key technical issues - Trajectory design to avoid a collision with a target

Trajectory design to avoid a collision with a target

B Tangential (Along-track) direction of a target is dangerous zone
— Relative navigation to a non-cooperative target is unstable
— Knowledge of tangential relative distance by angles-only navigation is
poor
B Three basic principles to design safe trajectory
— 1: Propagated trajectory should be safe even if a maneuver is cancelled

— 2: Propagated trajectory should be safe even if navigation errors are
considered

— 3: Opportunities to be at the same height with a target should be
minimized

i — R
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=

4
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4 Approach case study by numerical simulations

Approach case study by numerical simulations

B A sample approach scenario has been designed
B Navigation simulation from far-range to medium-range phase
B Main interest is investigation of Angles-only navigation performance

Actual GRACE-A orbit by precise GPS orbit determination.
Target TLE/SGP4 orbit Actual GRACE-A TLE.

Chaser true orbit Simulation data. 21x21 geopotential, Jacchia-Roberts
atmospheric drag, SUN, MOON, Solar radiation pressure.

(o EXYT G ERVACS [ EL T NI T M 5% (30) error.

Sensor measurements Camera:0.1deg(10), Laser range finder:6m(1c) random errors.
Detectability computation based on mathematical model
described above.

; Approach trajectory is

o A M D similar to "stable orbit
2 \\ Jé(/\ ///\{/ // /}/ rendezvous" used for
E N 7 7/\ // space shuttle missions

5 \ \O%&X L// Direction of sunlight is suitable

" _~ — for visible camera navigation

7 in this region

o -10 -20 -30 -40 -50 -60 -70
Tangentiallkm]

4 Approach case study by numerical simulations

GRACE-A TLE/SGP4 accuracy

B Error of GRACE-A TLE/SGP4 is:
— less than 7km in Tangential direction
— less than 1km in Radial/Cross-track direction

Famin-GEAGL -4 FTHT - 11 Dex W TR ddd7

Okm L‘-I'!‘ """'”“"H.!"i"i._ A .lm.u.‘:u:.l.,-_fin..L-_.u.;l_-_:h-::d.-.., .'Ilm_.-.II ﬂ-:-.,-t
Ll tmﬂww i

- —Radial —Tangential —Normal 18
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4 Approach case study by numerical simulations

Radiallkm] Radiallkm] Radiallkm]

Radiallkm]

RED LINE — :valid measurements
5 VISIBLE CAM valid measurements ViSible Camera
. beta angle = Odeg
-5 N }‘
-10
-10 -20 -30 -40 -50 —-60 =70 -80
Tangentiallkm]
5 VISIBLE CAM valid measurements ﬁ
. Visible Camera g
—R . beta angle = 60deg /
-5 — S
-10 i
0 -10 -20 -30 -40 -50 -60 -70 -80 J
Tangentiallkm] o ﬂ] _______ - ___________
5 IR CAM valid measurements
’ —X
i, N — Infrared Camera
e — ThE— =
-10
-10 -20 -30 -40 -50 -60 =70 -80
Tangentiallkm]
LIDAR valid measurements
5
0
—R R Laser Range Finder
-5 T \
-10
-10 -20 -30 -40 -50 -60 =70 -80
Tangentiallkm] 19

Detectability of sensors

4 Approach case study by numerical simulations

Estimated trajectory by Angles-only navigation

B True and estimated trajectory by angles-only navigation
B Visible camera only, beta angle = 0deg

HERE, obserbability of tangential
/ direction is stimulated by a maneuver

1 , S
/ m—— TRUE
) — ESTIMATED i
n ® VALID MEASUREMENTS
U | W —— .

| |
/

Radiallkm]
b
—
g

. \\ \\\

-6 \ N\

0 -10 -20 -30 -40 =50 -60 =70 -80
Tangentiallkm]

20
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4 Approach case study by numerical simulations

Performance of Angles-only navigation V.S. TLE/SGP4

Navigation error in Radial, Tangential, and Cross-track direction

Visible camera only, beta angle = Odeg

1000

— 500 Lot N\ N\ _ESTIMATED_

E LN AN A A AN S\ [N [\ JleTeses

NI VAR VAR “I VAR VAR VAR WAL VAR VARVAR VA

-1000
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TIME

4000

2 o \///A\Vm A A=)

2 NN N 7\ /

c v

|_—2000
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=500
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4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible Camera only, beta angle = 60deg
ZOkm | —TANGENTIAL NAVIGATION ERROR
%
~ HERE, target is detected

15 3

T ~—

10

Tangential error

T
-20km
Okm 10 20 30 40 50 60 70 80km
Tangential distance 22
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4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible Camera only, beta angle = Odeg

20km
—TANGENTIAL NAVlGATION ERROR
—<— ESTIMATED 3c DEVIATION
15
{- y
r~ / /
10
rd
. f 7
@] .
S 5 = HERE, target is detected ———
(o]
'T_U 0
- g Y—
[
g)o J\—‘J—_'_'_'_'_'\'\
f—% -5 S —"
-10 L '.’
N
-15
-20km
10 20 30 40 50 60 70
Okm o 80km
Tangential distance 23

4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible and infrared, beta angle Odeg

20km
— TANGENTIAL NAVIGATION ERROR
—<— ESTIMATED 3c DEVIATION
15
-
i
10
5 / HERE, accuracy in medium range is
qt) 5 /——-—— improved by stable measurements of ]
= infrared camera
B Omenml— —
c
(O] \\\’\’_ . —
oo
% -5
|_ \
-10 L . '.,
-
-15
-20km
10 20 30 40 50 60 70
Okm L 80km
Tangential distance 24
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4 Approach case study by numerical simulations

Performance of Angles-only navigation in tangential direction

B Error in tangential direction
M Visible, infrared and laser range finder
20km
— TANGENTIAL NAVIGATION ERROR
—*— ESTIMATED 3c DEVIATION
15 i
10 HERE, accuracy is dramatically /
5 improved by laser range finder
oo
‘©
‘5 0
o I D
& s
S
10
15
20km
Okm 10 20 30 40 50 60 70 80km
Tangential distance 25

4 Approach case study by numerical simulations

Summary of navigation case study simulation

B Angles-only navigation may provide navigation data with
sufficient accuracy to connect from TLE/SGP4 navigation to
vision-based navigation using size of the target.

Detectability of visible camera depends on beta angle.

B Detectability of visible camera strongly depends on sunlight
direction. Measurements of visible camera are available in a
limited portion of an orbital revolution.

B Infrared camera can be great stable navigation source in
medium range.

B Direct range information from laser range finder dramatically
improve navigation accuracy in tangential direction.

B Optical property of the target is the key factor of detectability
and this case study strongly depends on it.

26
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B Approach to a non-cooperative target is not a easy task

B Poor knowledge of target optical property and motion is
the key factor of the difficulty

B Rendezvous system for active debris removal should be
able to absorb wide dynamic range of these
uncertainties

B High fidelity modeling of target optical property, motion,
and sensor hardware is important, but it may be
challenging to be precise enough on ground

B The most important point is flexibility of rendezvous
system and operation plan to be able to absorb
remaining uncertainties during actual flight

27
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