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The dawn of space engineering development brought the rapid pollution and congestion of the space
environment due to orbital debris. Therefore, space situational awareness (SSA) has become an international
issue. Conventionally, orbital debris can be tracked by radar and/or optical observations. However due to
poorness of their visibility from the ground and constraints of observation systems, their positioning accuracy is
on the order of tens of meters at most. In recent years, active debris removal (ADR), which performs rendezvous
and capture of debris, has been actively studied. Although it is necessary to grasp the orbital and rotational
motion of orbital debris in advance, the techniques for grasping the rotational motion of orbital debris from the
ground has not been fully established yet. If the space vehicle is equipped with one or more reflectors, it is
possible to determine its orbit on the order of several cm by satellite laser ranging (SLR), and to estimate the
rotational motion from the orbit determination residuals. The reflectors developed and installed in Japan and
overseas were custom-made, large, and expensive. If reflectors become inexpensive commercial products, they
can be mounted on objects that will become orbital debris, it will help to grasp the orbital/rotational motion.
Therefore, JAXA started development of a general-purpose reflector (called Mt.FUJI) in 2018 with the concept
of small size, light weight, and low cost. In this presentation, we report the overview of Mt.FUJI.

This document is provided by JAXA.
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1. Introduction

SSA(Space Situational Awareness) is an international issue. Debris can be tracked by radar and/or optical observations,
however due to poorness of its visibility from the ground, its positioning accuracy is on the order of tens of meters at most.
In ADR(Active Debris Removal), it is necessary to grasp the orbital and rotational motion of debris in advance. However, the
techniques for grasping the rotational motion of debris from the ground has not been established yet.

‘ Break through these issues by SLR (Satellite Laser Ranging) and LRA(Laser Reflector Array) ! ‘

Development purpose: Research purpose:
Development of compact, lightweight, inexpensive general-purpose Demonstration of Mt.FUJI performance and evaluation of rotational
LRA(Mt. FUJI) motion estimation method by SLR
- Large, and /- Key device for high precision orbit N
« Small space objects cannot mount Heavy determination
LRAs _ o Py +  Although attracted attention as a
+ Little benefit to universities and 7 means of estimating rotational motion,
bu§inesses at expense of increased ade not yet evaluated estimation accuracy
weight and development costs. Rotation since true rotational motion of target
« Poor visibility after becoming debris Estimation? \ object is unknown, /

Mt.FUJI: MulTiple reFlector Unit from Jaxa Investigation

ﬂ Performance demonstration of \
0 Mt.FUJI can be performed by using
- Light HTV-X.
: I;I.o;]e S.p.i.cli Obf Cti can mour:jt IBRAS : JAXA 4 » The world’s-first evaluation of rotation
: P|c \gfl t| ity a erthecorglng_theh‘rli. < Developed LRA estimation accuracy by SLR and
ossible 1o grasp the orbit with hig 2t Mt.FUJI LRAs since true value of HTV-X's

. gCCl;r%Cyt. 0 SSA | . < > Rotation rotational motion are known.
ontributes to Mg ‘ Estimation \ Contributes to ADR /

2. What is SLR? LA

High precision ranging system that measures the distance between a SLR
station and a target object by measuring time from shooting laser pulse from SLR
station toward a target mounting LRA to detection the reflected pulse.

LRA
(laser reflector array)

SLR : Satellite Laser Ranging <

* High accuracy ) .+ Sensitive to weather
+ Verification of other orbit +  Interference with sensors
determination methods mounted on space object
* No electrical I/F for space object

SLR station
SLR

About 40 SLR stations in the world (3 domestic
stations)

Laser ranging activities are organized under the
International Laser Ranging Service (ILRS)
Prediction data (CPF) and acquired SLR data
(FR / NP) are uploaded to the public server
which anyone can freely download and use it
FR is a correction of raw observation data

NP is a compressed version of FR in a specific
period

New SLR station is under construction in _
Tsukuba Space Center (operation starts in 2021). SN . >

£
\ -~ Shimosato

Tanegashima

SLR stations

This document is provided by JAXA.
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3. HTV-X and Technology Demonstration Mission Q LKA

HTV-X is the successor to HTV (Launch in FY2022 (planned))
3 Mt.FUJIs are mounted onto the back side of HTV-X
HTV-X changes its attitude when SLR

The period, duration(at least one week), and flight mode are currently
being adjusted

3 different types of flight modes are under consideration

Purpose of the SLR Technology Demonstration Mission
@ Performance demonstration of LRA (Mt.FUJI)
@ Evaluation of rotational motion (angular velocity) estimation method by SLR

F 4

4

3. Integrated
Operation Phase

4. Technical
- Demonstration Phase
#5
2. Rend: Ph:
-

Phase
1 nch and Early W
se

4. What is Mt.FUJI?

Earth Pointing

Along-Rotation: rotate in along-
direction at constant angular velocity

- > ¥
X - -\ ’ &.. \Q
© 1 N /
Mt.FUJI
Cross-Rotation: rotate in cross-
direction at constant angular velocity
Flight Modes

Return to
nominal

attitude

Attitude Change

command

Operation overview

Mt.FUJI : MulTiple reFlector Unit from Jaxa Investigation

2018

v" Smaller and lighter LRA, Mini-Mt.FUJI, is also under development

v" Small, light, and inexpensive LRA for LEO space objects developed by JAXA from

Change
attitude "
=]

SLR
stations
q a

Laser
ranging

O s

Specifications

source)
45 degrees half-cone angle of FOV(Field Of View)
Palm size

Equipped with 7 CCRs (Corner Cube Reflector; reflecting waves directly towards the

Less than 800 km for Mt.FUJI and 400 km for Mini-Mt.FUJI are target altitudes
3 Mt.FUJIs are mounted on the cone bumper panel of HTV-X at 120 degrees intervals,

along with a pedestal for adjusting the angle so that each FOVs do not overlap

Mt.FUJI

Mt.FUJI with pedestal

Item Mt.FUJI  Mini-Mt.FUJI
Altitude <800 km <400 km
Diameter 112 mm 70 mm (TBD)
Height 32 mm 20 mm (TBD)
Mass <280g <120 g (TBD)
CCR size 1inch 0.5 inch
Number of CCRs 7
FOv 45 deg/Mt.FUJI

(approx. 15deg/CCR)
Material Body: Aluminum

CCR: Fused silica
Cushion: PTFE, PFA

Z (HTV-X)

Reflector (Mt Fuj)

¥ (HTV-X) i

+Z (HTV-X)

Location of Mt.FUJIs

This document is provided by JAXA.
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5. How to estimate attitude motion by SLR? o ’54*‘4

Basic idea: When a target object is in rotational motion, the CCRs that contributes to the laser reflection is switched to another
by the rotational motion. Therefore SLR data should contain information on the CCR switching. If so, by analyzing the data
somehow, we can grasp the rotational motion of the target?

15 T T T T T T T 1 700 , .
Step1: * wlo trend
Orbit Orbit determination by SLR data or 10 floess C
determination | other sources (ex.GPS, RAAN, ...) E ‘ 1.22Hz
F (0.82 sec) |
Strep2: Calculation of SLR residual (O-C) by % h
O-C(SLR using OD ephemeris and SLR data g
residual 9 P EREN
ER 1
g 5 A 1
Step3: Eslirr;ate a{]gL'JtIa;yelot::i? by rt?]ading E i ! ,; 5 1 I
angular velocity | angular velocity directly from the G 10| § | ]
estimation waveform of SLR residual or by 4%—»'4—»' <—>| 100
performing frequency analysis -15 0.82 se " ol .MJ \ ’
95 95 5 96 96.5 97 97 5 98 98.5 100 0 05 1 15 2
elapsed time [s] f(Hz)
Flow of estimation SLR residual Frequency analysis

Example

* Using AJISAI SLR data, SLR residual is calculated. Blue dot is SLR residual, and red is smoothing of SLR residual

« <Direct reading>: 1 peak— 2 peaks — 2 peaks are repeated at intervals of about 0.82 seconds. Since AJISAIl has a 120 degrees symmetric
structure, it rotates 120 degrees in 0.82 seconds.

* <Frequency analysis>: When the intensity of the signal contained in the SLR data is calculated for each frequency, a sharp peak is at 1.22 Hz
corresponding to 0.82 seconds.

«  With either method, the angular velocity is estimated to be approximately 146 degrees / sec.

‘ Although such high-speed rotation is impossible for HTV-X mission, is this method effective for attitude estimation of HTV-X? 7

6. Validation of Method for HTV-X Mission Q LKA

Purpose of this survey Earth Pointing Along-Rotation: rotate in along- Cross-Rotation: rotate in cross-
« Check if angular velocity can be estimated from direction at constant angular velocity direction at constant angular velocity
SLR residual with flight modes and angular 9, **

M .
velocities under consideration . ‘/ ‘Il\ 7 10 ~ = “\9\
Survey method s 1 Q /8 l! /
SLR residual(t) = d(t)- r(t) MU
d(t): dist. b/w SLR station and CCR - o
r(t): dist. b/w SLR station and HTV-X center of gravity / SLR residual [m]
+ d(t) is NaN when SLR station is out of FOV of CCR ™
+ Attitude motion is considered for orbit propagation |

* Investigate whether angular velocity can be ”
estimated from SLR residual "

SLR residual [m]
Result

TR R
\ . v
* SLR station is CHAL, minimum elevation \ \

angle of SLR station 20 degrees, and the o m e e w w w o B -
rotational angular velocity is 6 deg/s (which is

higher than the actual experiment) “I7 | Freq. Analysis “=bdegls | Freq, Ana|y5|§

SLR residual [m]

Freq Analysis

» The SLR residuals and frequency analysis s | - % 12degls @12d p
results differ greatly depending on the flight ‘ | ! egls
modes -l | w

foul @ 18deg/s
+ Although more detailed examination is ol . ‘ A |

required, considered possible to estimate |
flight mode and angular velocity of HTV-X Ml O AN
from the SLR residual Yo e e e o n en ew we e e om o a o e

el
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7. Summary Q ’%*A

* Introduction

» Development of compact, lightweight, and inexpensive general-purpose SLR reflector (Mt.FUJI) — Contributes to SSA

» Demonstration of Mt.FUJI performance and evaluation of rotational motion estimation method by SLR — Contributes to ADR
* SLR

» High-precision ranging system using laser

» On-board component is only a reflector that do not required electrical I/F
* Mt.FUJI

» Compact, lightweight, and inexpensive SLR reflector being developed by JAXA

* HTV-X and Technology Demonstration Mission
» Platform for technology demonstration
» Performance demonstration of Mt.FUJI and the world’s-first evaluation of rotation estimation accuracy by SLR and LRAs

* Angular velocity estimation method based on SLR residual
» SLR residual contains information on CCR switching (equivalent to attitude motion information)

» Angular velocity can be estimated by reading directly from the waveform of SLR residual or detecting peaks by frequency
analysis

» Confirmed applicability of the method to HTV-X technology demonstration mission

e Future works

 Statistical evaluation of estimation method by pseudo data analysis and construction of estimation model by machine
learning

» Higher accuracy of estimation method (correction considering geometry for stations at the time of observation, construction
of attitude estimation model, etc.) 9
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