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ABSTRACT

Recently, the importance and urgency of the goace debris
issues have been fully recognized and rdaed Sudies are
being conducted extendgvey among the spacefaing
organizations. This pagper describes the gatus of Jgpan's
research programs on the space debris remova systems and
the on-orbit servicing sysem and aso briefly introduces
ongoing related technology devel opment activities.

1. INTRODUCTION

Space debris can pose a srious hazard to near-Earth space
activities Since the number of satdlites will increase
dradicdly in future, effective meesures to mitigate or
minimize debris generdtion are indispensable. End-of-life
de-orbiting and orbitd lifetime reduction capability will be
implemented to reduce the probability of collison with other
debris but the ective remova of space debris and the
retrievd of defunct or mafunctioning sadlites are ill
necessary to ensure the safety of space activities.

Encouraged by the success of Enginesring Test Satdlite-VII
(ETSVII) rendezvous and docking, and space robotics
experiments, severd organizationsin Japan have just sarted
studies on the debrisremova systems such as:

- Orhitd Maintenance Sysem for Next-generation LEO
sygem (OMS for NeLS) by Communications
Research Laboratory (CRL/TAQO)

- Retrievd, Repair, and Disposal Sysem (RRDS) by
National Aerospace Laboratory (NAL)

In addition to the debris remova operaion, possbility of
on-orbit servicing is being pursued from environmenta and

economical viewpoint:

- On-orbit Servicing Sadlite (OSS) by Nationd Space
Development Agency of Japan (NASDA).

Frg, the reason why the on-orbit servicing sysem including

pace debrisremova should be studied, will be discussed in
this pagper. The breskthroughs necessary for redization and
the key issues of these systems are dso discussed. Secondly,
the research programs currently promoted in Japan, and the
contrivances to reduce the cogt and the technologicd
difficulties will be introduced. The component technology
development activities are also briefly mentioned.

2. SPACE DEBRIS REMOVAL

Recently, the thregt of goace debris has come to the redity
and the effective and ressoneble mitigation means are
indispensable to the future space development activities.
There are many debris mitigation options avalable to
goacecraft manufacturers, and disposd, or post misson
deorbiting is conddered to be the acceptable drategy.
Debris population prediction aso indicates that the disposal
is effective enough to keep the leve of the debris population
today. Therefore, post misson de-orhiting is consdered to
be implemented in near future.

However, thee remans a discusson  whether
implementation of pogt mission de-orbiting capability to dl
satdllitesisthe redlistic and best strategy. Because:

- it poses cogt and weight pendty to each satellite and
giveslargeimpact to the satdllite design. So it might be
unacceptable for some satellites.

- it is difficult to manage the amount of the residud
propdlant or aswure the rdidbility of another
propulsion system if implemented after long mission
period.

- itisimpossibleto de-orbit the faled satdlite or the post
mission systems aready exist on orhit.

In addition, the disposd drategy itsdf has the following
issues to be solved:

- Debris population prediction study depends on some
models such as traffic and breskup, which have large
inherent uncertainties. As a reault, the future debris
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popul ation cannot be predicted accuratdy and disposal
srategy done may not be enough to solve space debris
problems.

- BEven though disposal drategy will be effective for a
while, it is not a permanent solution because the space
debris remans in orbit, especdly in cae of
re-orbiting.

- Dispod to the 25-year-lifetime orbit endanger the
pececrt in low orbit, where the manned vehidles are
often orbiting.

The active remova of the space debris by another vehidleis
obvioudy effective draegy to solve goace debris issues,
because it removes from the orhit the significant mass that
could produce countless amal space debris by collision or
explosioninthefuture. It dso hasthefollowing advantages:

- Not only just keeping the present debris population
levd, it can make the environment cleaner than that of
today. As a reault, it will reieve al manned space
systems of heavy, bulky bumper and other measures
againgt the space debrisin the future.

- The same technologies can be used for on-orbit
sarvicing such as repairing and refuding of the satellite
Consequently, extremely high rdiahility required to
current space systems will not be needed.

Both of them are expected to reduce the cost of tota space
system.

Although the active remova system has alot of advantages,
as mentioned above, there exist many problems to be solved
for its redization. The remova of inert objects requires an
active maneuwvering vehide with the capability to
rendezvous with and grapple an inert, tumbling, and
non-cooperdtive target and the ahility to movethe object to a
disposal orhit. Because these operations reguire highly
sophidticated automation technology, and the operations
costs are to be kept reesonable, any remova system has not
yet reeched the slage where it can be consdered feasible or
prectical. However, active removd is needed to be sudied
because it isapromising Srategy to solve space debrisissues
only if it become acceptable both in technologicd and
economica viewpoints. Therefore, severd organizations in
Japan have dready garted the study on the contrivances for
reducing the cost and the required component technologies.

3. CONCEPT OF EACH PROGRAM

In this section, three debris remova programs conducted
now in Japan, will be introduced briefly.

3.1 Orbital Maintenance System for Next-Generation
LEO System by CRL/TAO

Firg, the Orbitd Maintenance Sysem for Next-generation
LEO System (OMSfor NeLS) isintroduced [1].

Communications Research Laboratory (CRL) has been
sudying a satdlite servicing concept, which is cdled Orbital
Maintenance Sysgem (OMS). OMSisasavicing sdlite to
ingpect and repair failed satdlites, or to remove them from
orbit. On the other hand, the Tdecommunications
Advancement Organization of Jgpan (TAO) is planning the
Next-Generation LEO System (NeLS), a high-bandwidth
multimedia telecommunications system which consigts of a
congdlation of 120 sadlitesin low earth orbit (LEO) a an
dtitude of 1200km. For such misson with a number of
satellites, de-orbiting of the post misson or mafunctioned
satdllites is indigpensable because those sadlites can pose
hazards to both of other satdllites and NelS themsdlves, by
occupying the useful orbit dots. Here CRL found the need
for OMS, and “OMS for NeLS', a savicing system for
NeL Sis being studied.

To reduce the technologicd difficulties and the cogt of this
system, they are proposing the following el aboration:

- To reduce risks and difficulties in the capturing
operation, NeL S satellite is to be equipped the rescue
package, daborated eguipment package which
indudes a handle for capturing and a amdl atitude
control system.

- Toreducethelaunching cog, the servicing satellite to
be launched with the replacement satellite as a
piggy-back payload,

- massproduction of servicing satellites,

- short lifetime of servicing satellites.

Fig. 1 shows the de-orbiting service for NeLS. When the
NeLS sadlite which is preinddled the rescue package
failed, the rescue package will be awaken by the command
form the ground, and control the atitude of the NeLS
sadlite. At the same time, the sarvicing satellite will be
launched with the replacement satellite as a piggyback
payload. The servicing satdllite rendezvous with the failed
satdlite, and capture it using the marker and the handle on
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Fig. 1. De-orbiting service for NeLS
the rescue package for de-orbiting and repairing operation.

3.2 On-orbit Servicing Satellite by NASDA

Not only environmenta but aso economica viewpoint,
NASDA is studying the on-orbit servicing such asrefueling,
repairing and re-orbiting [2].

Enginearing Test Sadlite VII (ETSVII) was launched in
1997 to tet and demondrate the on-orbit servicing
technologies. It successfully conducted many experiments
incduding automatic rendezvous docking, capturing the
free-flying sadlite by robot am, exchanging ORU, and
refuding experiment. Fg. 2 shows the ETS-VII conducting
automatic capturing experiment. A robot arm on the chaser
satdlite gragped a smdl handle on the frea-flying controlled
target sadlite automaticdly, by feed-back control using
on-board hand eye cameradsinformation of amarker near the
handle at the rate of 2Hz.

Thexe experiments requested the target satellite to be
cooperdive, but now the technique to approach, capture a

Fig. 2. ETS-VII automatic capturing of a controlled
satellite

non-cooperdive target is being studied. For rendezvous with
a non-cooperdive target, applicability of radio radar isbeing
pursued since it is usable dl around the orbitd period. For
capturing, they demand smdl pendty of marker and handle
ingdlation of the satellite to be sarviced, like the ETSVII
target stelite. This will make the cgpturing process easy
and reliable to alarge extent.

3.3 Retrieval, Repair, and Disposal
System (RRDS) by NAL

NAL has been promoating the research program on Space
Environment Preservation and Utilization Technology since
1998 with high priority and concentrating its efforts on
pursuing the debris remova system, which includes not only
system dudy but adso devedopments of component
technologies [3].

NAL is dudying the sysem intended to digpose
non-cooperdive satdlites and does not pose ay
requirements on the target sysems It is even gpplicable to
the space debris launched in the past and orbiting now. The
servicing satdlite will be launched and conduct rendezvous
with a target object, and fly around it for ingpection. If it is
possible to repair the target satdllite, the servicing satellite
will repair it or tag to the gpace dation, and if nat, it will
deorhit to a digposa orhit, the orbit where the orbitd
lifetime is less than 25 years. The concept of the system is
shownin Fig. 3.

Frg, the effect of removing the debris from the crowded
orbit was investigated taking the current debris population
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Fig. 3. Concept of the system studied in NAL
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Fig. 4. Changein totd collision possibility when the space
debris are removed

digtribution into accourt. It is shown that by transferring the
debris in 800-900km orbit to the 650km orbit where the
orbita lifetime is about 25 years, the totd callison risks are
sgnificantly reduced. Fig. 4 shows the change in collison
possibility in each dtitude, when some debris are trandferred.
It shows thet when & most 107 debris are moved, the totd
collison risk would be reduced by about 30%, no matter
what the debrisare.

One sarvicing vehide is expected to ded with multiple
debris, because the cogt of the vehicle would be prohibitive
when only small reduction in the debris population could be
achieved. The cogt effective orbit maneuvering are needed to
trandfer from the initid orbit to the target orbit to de-orbit
debris, and to rendezvous with the next target. If this
operation includes change of the orbitd plane, enormous Dv
will be required. But fortunately, there are many satdlitesin
the orbits with dmog the same indination, which makes it
possibleto remove them with one servicing vehicle. In case
eech taget sadlite has the different right ascenson of
ascending node, W, the secular variation in W due to &
perturbations due to the difference in dtitude can be utilized.
The orbit trandfer to change dtitude cannot be redlized using
the conventiond propulson sysem due to the large
propdlant consumption, thus the posshbility of ingenious
propulsion systems is being studied, as mentioned in Sec.
41.

4. KEY COMPONENT TECHNOLOGIES

The following are the lig of key component technologies
studied in NAL:

- Cod effective orhit trandfer (Electrodynamic tether /
Solar thermal thruster / Laser thruster / lon thruster)

- Rendezvous and Observation

- Disspation of the angular momentum

- Robot operation

Each of these is described below in some more detail.
4.1 Orbit Transfer

Severd cogt effective propulson systems for de-orbiting
operdtions are being developed and on-orbit dynamics are
dudied. In NAL, high efficient propulson such as tether
system, ion thrugter, solar therma thrugter, and laser thruster
have been sudied. Especidly, dectrodynamic tether sysem
is progoective because it can gain thrugt large enough to
trandfer in redidic time period without much propdlant by
utilizing the interaction with Earth's megnetic fidd. After the
debrisis captured, it needs to be connected to the end of the
conductive tether, and the tether is to be deployed. Because
of the orbita motion, the induced current will runs when the
closad circuit is condtructed utilizing the plasma around it.
Thus, interaction between the current and the Eath's
magnetic fidld can reduce the orbitd velocity and lower the
dtitude. When the dtitude of the sysem become low
enough, the tether will be cut to put the debris into a lower
orbit, and then the reversad dectric current will raise the
dtitude of the sarvicing satdlite to reach the next target.
Recently, the dynamics of the flexible tether is sudied using
numericd smulation. Fg. 5 showsthe changein the dtitude
when the dectrodynamic tether with the length of 10km
with dectrical current of 3A, is used to de-orbit the debris
The thrugt islarge enough to de-orbit the debrisin weeks or
months. Fig. 6 shows the dynamics of the tether &fter the
debrisis separated. It is shown thet the tether libration occurs
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Fig. 5. Change in dtitude using e ectrodynamic tether



in some cases, 0 the dability of the sysem needs to be
secured.
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Fig. 6. Dynamics of flexible tether when the debrisis
Separated.

4.2 Rendezvous and Observation

After inserted into the near orhit, the sarvicing satellite needs
to rendezvous with the target object using the data obtained
a ground observatories firgt, and usng on-board sensorsin
the find approach. Because the NAL's target is supposed to
be a hon-cooperative without any marker or communication
ability, the technologies to locate and recognize the target
automatically are considered to be indispensable and being
dudied extensvely. Many sudies in this agpect are being
conducted, and dgorithm of target recognition by color
information [4] and motion esimation [5)] is to be verified
using mLabSAT, a piggy-back sadlite to be launched in
2001. HFg. 7 shows mLabSAT and rdleased target object in
orbit taking theimage of the target using an on-board CMOS
canga. The mation edimation technologies using
time-sriesimages are d o sudied. First, some points of the
target are extracted by image processng, and then the
edimation of the angular veocity and the inertid
momentum ratio will be conducted by red-time Kaman
filtering or off-line least squares methods utilizing target's
CAD data. The sudy showsthat if the image processing has

Fig. 7. mLabSAT and Target

the accuracy of 0.5%, the mation esimation can be done
within the accuracy of 1t0 2 %.

4.3 Mechanical Impulse for Angular Momentum
Dissipation

It is observed by ground observatories that some of space
debris are not in a gable attitude, or even pinning around
principd axis they might exhibit complicated attitude
motion such as nutation or tumbling. Because the robot arm
cannot follow the quick motion, it is difficult to capture a
non-cooperdtive target object possessing high angular
momentum. Therefore, a method to reduce the angular
momentum of the target before capturing using mechanicd
impulse is being sudied [6]. For the mechanica impulses,
various methods could be gpplied, such asthe projection of a
smdl and soft tethered object, and/or picking by the robot
am tip. By the repested, well-timed mechanicd impulses,
the angular momentum of the target object can be gradudly
reduced into the dow sngle spin moation, which the space
robot arm can access within ressonable mechanica load (Fig.
8).

i R Capturing by robot arm
nutating
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Fig. 8. Concept of mechanical impulse

The mgor advantages of this method are (1) No need for the
precise esimation and measurement of the target motion, (2)
No need for the complicated, red-time feed-back control,
and (3) The robustness of the mechanica impulse point and
timing. For the mechanica impulse method, the relatively
rough estimation of the target motion is enough to decidethe
impulse timing and direction. The repeated impulse period
could be set long enough to edtimate the target motion after
each mechanicd impulse. It is demondrated by numericd
samulations that a nutating or tumbling object can be coaxed
into a smple pin or even sopped dtogether. It is dso
shown that this method is robust againgt errors, dthough
when errors are indluded it will take longer to bring a target
under control. Since the collison-force profile cannot be
determined exactly, we have conducted experiments using a
modd satellite on an air table to investigate the effectiveness
of this method.



4.4 Robot Operation

For capturing a free flying object on orhit, dexterous robot
operation is indigpensable in order to avoid digtracting itself
and making the condition of target's atitude motion worsein
ather case of automatic and tele-operation. To establish the
basic tderobatics technologies for on-orbit manipulation,
tele-operation experiments were conducted using ETSVII
[7]. At present, the development of flexible;joints robot arm
and the contral agorithm are being sudied. The capturing
experiments using two 7DOF robot arms, an ar table, and
large X-Y stage (Fig. 9) areto be conducted in near future.

5. CONCLUSION

This paper described space debris active remova and the
gatus of Japan's research programs on the on-orbit servicing
system. Ongoing relaed technology development activities
are a o briefly introduced.

CRL and TAO ae sudying OMS for NelLS, Orbitd
Maintenance System for the Next-Generation LEO System
(NeLS). This sygem assumes the NeL S sadlite should be
implemented with a “rescue package’, daborated
equipment package which indudes a handle for capturing
and a amd| atitude control system, to reduces risks and
difficulties in the capturing operation. It dso assumes the
OMS is to be launched with the replacement satdlite as a
piggyback payload, which is expected to reduce the remova
cost dragticaly.

NASDA proposes On-orbit Servicing Satellite (OSS) such
a refuding, reparing and reorbiting from both
environmenta and economicd viewpoint. Based on the
on-orbit servicing experiment for the cooperative target that

Fig. 9. Large X-Y Stege

was conducted successfully on ETSVII, the technique to
goproach and capture a non-cooperdive target is being
studied.

NAL are studying Retrieva, Repair, and Disposa Sysem
(RRDS). It is intended to digpose sadlites launched in the
past and does not pose ay requirements on the target
systems. Nat only the system studly, but the key component
technologies such as cogt effective orbit trandfer, rendezvous
and obsarvation, disspation of the angular momentum, and
robot operation, are also investigated.
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