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ABSTRACT markers and handles to facilitate grasping by atrabm.
Since the number of satellites in Earth orbit eagily ~ While future satellites could be equipped with such
increasing, space debris will eventually pose aossr features to assist active removal, in general spabeis
problem to near-Earth space activities if left Leited, ~ Objects do not possess such conveniences — they are
and so effective measures to mitigate it are bewgmi Non-cooperative targets. In such cases, since tongli
urgent. Equipping new satellites with an end-cd-lif are not favorable, tracking errors will lead todowy of _
de-orbit or orbital lifetime reduction capabilitpald be ~ the robot arm when an object is captured. Active
an effective means of reducing the amount of defyis compliance of each joint of the arm and a flexibé®m
reducing the probability of collisions between aitge  are therefore proposed to relieve loads at the tihe
On the other hand, the active removal of spaceisiabhd ~ capture. _ ) _
the retrieval of failed satellites by spacecra ather This paper first describes the details of JAXA's
possible measures. proposed active space debris capture/removal micro
The Japan Aerospace Exp|0rati0n Agency’s (JAXA) Sate!”te SyStem, and presents the results of Hml
Aerospace Research Directorate is studying astudies.
micro-satellite system for active space debris removal,
and is examining the applicability of a GPS receaed 2. ACTIVEREMOVAL SYSTEM

star tracker to orbital navigation and guidance. The removal from orbit of rocket upper stages and
This paper discusses the proposed space debrigatellites that have reached the end of their Iaessbeen
removal satellite system. carried out only in a very small number of cases] a

1. INTRODUCTION

Since the number of satellites in Earth orbit is
steadily increasing, space debris, if left unchecked, will
eventually pose a serious hazard to near-Earthespac
activities, and so effective measures to mitigatare 3¢
becoming urgent. Equipping new satellites with an |+
end-of-life de-orbit and orbital lifetime reduction |
capability could be an effective future means afueng
the amount of debris by reducing the probability of
collisions between objects, while using spacecraft to ' :
actively remove debris objects and to retrieveethil :
satellites are possible measures to address exispiace
debris.

The Japan Aerospace Exploration Agency’s (JAXA)
Aerospace Research Directorate is studying an eactiv
space debris removal system. Conceptually, thisists
of a small spacecraft (a micro-satellite capable of
piggyback launch with other payloads) that trarssfer
large debris objects that occupy useful orbits to a
disposal orbit. EDT (Electro-Dynamic  Tether)
technology is being investigated as a high efficien
orbital transfer system for this concept. An EDElage
could be used to lower the orbit of the debris remho
system without the need for propellant.

Capture is necessary for the retrieval of largecspa
debris. It is common for large debris objects tmible,
since angular momentum may have remained in their
attitude control systems when failure occurred. ddiit
satellite capture experiments have been carried out
successfully by the ETS-VII satellite in 1$9%. In
these experiments, the target was equipped withalis
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most remain on-orbit. Explosions of residual prégreb The following concepts for a retrieval/removal
and collisions between satellite remnants or rodpger  system were studied, concentrating on methodsctmat
stages can generate large quantities of smallerisdeb be realized in the near term.
which greatly increases the probability of furthietbris a. Piggyback launch of debris removal micro-vehicles
collisions by a cascade effect. Due to such cascade alongside new Earth observation satellites into
collisions, it is estimated that the amount of gpdebris sun-synchronous  orbits useful for Earth
will increase at an ever-greater rate from now oah \aill observation.
eventually jeopardize near-Earth space activitieise b. Use of EDT to generate thrust for lowering orbit.
following countermeasures are therefore beingc. A capture mechanism as the other end of the tether.
considered for reducing the amount of space debris. d. The vehicle body itself as the tip mass of theeeth
a. Designing space systems so that they do not
become space debris; that is, positive end-of-life Regarding the selection of EDT as tmuator to effect
processing of satellites and the establishment ofthe orbital change for debris removal from LEO, the
proper disposal procedures for rocket upperresults of a trade-off study are shown in Table 1.
stages.
b. Processing existing debris that has no Tablel Trade-off study of actuator for debrisremoval
self-removal capability; that is, removing

large-size satellite remnants from economically Method Merits Demerits Cand
and scientifically useful orbits to disposal orbits i-date
For the disposal of rocket upper stages, a promisin  Chemical | Use of BUS | *Low ISP
approach is for the stage to decelerate by reirgjaits Thruster | components| *Attitude control
engine using fuel remaining after the payload has required
separated. Research and development of systems to|gn High ISP *High elec. power
remove large-sized satellite remnants from usefoit® thruster consumption
is also in progress. *Attitude control
required

21. Method for Removing Satellite Remnants Solid Compact *Low durability

Earth-orbiting satellites typically occupy eithew motor due to propellant
Earth orbits (LEO) or geostationary orbits. Satelli ageing
remnants and rocket upper stages in LEO may be *Spin-up needed
removed within 25 years by lowering their altitutie *Generates Al
650km or less, from where they will eventually raes particles
the atmosphere and burn up. Electro Itworksin | Principle is

dynamic | spite of S/IC | yn-proved on orbif X

2.2.  Target for Retrieval / Removal tether function

In LEO, the influence of the Earth’s geomagnetic — loss :
field is strong, and so use of an electro-dynaetioer to Air bag Simple | *Huge size
generate thrust to lower the orbit is practicatilew constitution | *Low durability

Earth orbits effective for Earth observation (espc

sun-synchronous orbits) have the greatest riskebfid ~ 2.4. Debris Removal System Concept and Missions
collision, and so measures to reduce the numbeliigat ~ Scenario

remnants or rocket upper stages in such orbitsaare The mission profile of the conceptual LEO debris
priority. In consideration of this, JAXA is studgina  removal system, named SDMR (Space Debris Micro
system with the emphasis on the retrieval and renofy ~ Remover), is described below (see Figure 2).

satellite remnants from sun-synchronous low Eartha. Rendezvous with a debris object (target) and

orbits. measure its motion.
b. Fly around the target, and make a final approach to
2.3  Strategy capture it.

A large number of satellite remnants remain neahsu C. Capture the target using an extensible folder arm.
orbits from past launches, and it is considerecsipis ~ d. Extend an EDT fixed at the base of the arm.
for a debris removal satellite to be able to rggi@nd € Autonomously control tether inclination to regulate
remove debris objects by transferring them to lower  thrustand avoid tether instability.
orbits. A removal micro-vehicle will remove an otjéy
capturing it using a robot arm then de-orbitingjrig the ~ 2.5. Remover Vehicle Composition
debris with it. The concept is shown in Figures.1-3 The SDMR vehicle has the following features:

a. Compact shape and low mass to allow a piggyback

launch with an Earth observation satellite using th



surplus payload capability of the launch vehicle.
b. Simple rendezvous navigation system consisting of a
GPS receiver, a star tracker and vision sensors.
Small thrusters for maneuvering between orbits.
Extensible light robot arm for debris capture.
e. Debris removal by an EDT package incorporated
into the base of the robot arm.

a0

The key specifications of the vehicle are summarire
Table 2.

§4New earth observation sat.

=

Debris remover
(Piggyback)

i)

o

-

Rocket

Table 2 Specifications of the SDMR

Item Specification Remarks
Dimensions 700X 700X 600mm
Weight 140kg Fuel25kg
Power 100W Average
Attitude 3-axis control 3 wheels
control
Thrusters INX8
Rendezvous GPS receiver
Sensors Star tracker

Stereo vision

3. KEY TECHNOLOGIESFOR SDMR

The conceptual debris removal system requires the

following key technologies.

a. An efficient orbital transfer technology:
Electro-dynamic Tether

b. Navigation to and around the debris object:
Machine vision/image processing

c. Robotic capture:
Extensible light arm to capture the debris object

The development status of these technologies

described in the following sections.

3.1 Electro-Dynamic Tether

The system configuration for debris removal using a
EDT package is shown in Figure 3. The performance

goals of the EDT are shown in Table 3. Prototymng

testing of each hardware EDT element is progressing

aiming at an on-orbit demonstration in a few yetirse.

Table3 EDT Performance goals

ltem Performance Remarks
Length 2km
Max. current 1A
Life 1year Residualprobability
>0.95

3.2 Target approach and rendezvous method

The wreckage of an artificial satellite insertedoin
SSO will be typically be traveling on an orbit ohigh
the inclination and ascending node will have sHifrem
the original. The orbits of satellite remnants albserved
and published by NORAD TLE etc.
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Figure3 Concept of the Debris Remover
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Figure 4 Configuration for debris removal using an
EDT

The rendezvous sequence with a space debris object
on a sun-synchronous low Earth orbit is shown in
Figure 5. A debris object to be removed is selecied
the SDMR vehicle (remover) moves to the targetclge
published orbit using maneuvering thrusters, ndirga
using a GPS receiver. Since orbits change over dinte
the published data are only updated at intervdis, t
target object may not be in precisely the expeotdit.
After moving to the published orbit, the relativesfion
between the remover and the target can be meabyred
ground observation, and the orbital difference
determined.

Images of the target can be acquired by a stakdrac
on the remover. The difference between the orlfithe
remover and the target and their relative positian be
calculated from the position of the remover obtdine
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Figure5 Rendezvous sequence with a space debris object

from its GPS receiver, and the history of the targe object, the target's motion is estimated from siere
direction viewed from the remover. The removerisnt  images acquired by on-board cameras. The remoear th
maneuvered to gradually approach the target based omaneuvers to match the target's rotational motiod a
this information. Once the remover has approacleed t captures it by a robot arm.
within a few kilometers of the target, relative pios
can be measured by microwave radar or a visionosens 3.3 Space Debris Capture by Robot Arm
The sensors used depending on relative distance are We now describe the development of a robot arm that
shown in Fig. 3. By this method, the remover isétol uses a new force/torque control method for capgurin
rendezvous with non-cooperative objects usingtumbling non-cooperative targetsA typical target
comparatively small, low-cost apparatus, namelyR6G capture scenario is shown in Figure 6.
receiver, star tracker, and vision sensor. Failed satellites do not have functioning attitude
Once the remover is in the vicinity of the target control, and in many cases will be rotating duethe
; : transfer of residual angular momentum from theirtom
(1) Observation of target motion systems. Since fly-around by a debris removal Veldc
grappling the object by a robot arm will be difficor
[‘) /\D- impossible if the target debris object is rotatatghigh
speed, it will be necessary to reduce the targetation
’ ’ to a rate at which capture can be accomplishedrbpat
(2) Rotation braking by robot arm arm using visual feedback control. A prototype of a

“brush-contactor”, a robot arm end-effecter thaiws
[.Q/El_ the target's rotation by tapping its surface, isveh in
Figure 7.
(3) Capture by robot arm

(4) De-rotation of target & chaser

()
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Figure6 Atypical target capture scenario

Figure7 rottype of brush-contactor



Complicating the capture problem, most space debrisControl to a Failed Satellite by Machine Vision’h&e
objects will be non-cooperative targets without dias Technology Vol.27 No.2-3, pp.90, 2007
or visual markers to assist capture, and their masg$9] S. Nishida and T. Yoshikawa; “Capture and Maotio
characteristics might not be known correctly befare. Braking of Space Debris by a Space Robot”, ICCAS200
Moreover, there will errors in the measurement of Seoul, 2007
relative motion and in the rendezvous control. To [10] S. Nishida, S. Kawamoto, F. Okawa, F. Teruid a
achieve successful capture by a robot arm in suclS. Kitamura: “Small Satellite for Space Debris Reaiy
situations, the arm must be designed to bufferkaake IAC2006, Valencia, 2006
residual motions which cannot be known beforehand.
The remover is therefore equipped with an exteasibl
flexible robot arm which buffers residual motion hy
structural flexibility and active joint compliancentrol.

4. CONCLUSION

The JAXA Aerospace Research Directorate is
studying an active space debris removal systemgusin
micro-satellites, and is investigating the applitgbof
EDT technology as its high efficiency orbital tréers
system. Prototyping and testing of each hardward@ ED
element is progressing. Dynamical simulation ofjéar
capture and braking are performed out about various
cases.

As the result of these activities, a new activecepa
debris removal system is becoming more feasible.
Hereafter, technical development will be furthetey
on-orbit demonstration using small satellites apeket
upper stage.
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