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Abstract

Services delivered from satellites in the nearttapace environment are under threat from orb#pare
debris from over 50 years of space operations. @oatipnal modelling studies have shown that eveteun
optimistic mitigation scenarios remediation is resaey to curb the growth. In fact, certain regiohthe low-
Earth orbit are already demonstrating a collisia@scading instability. In these regions, eveniifgation
scenarios are assumed and no future launches dloere,is still a growth experienced in the nunifedtebris
objects.

This paper introduces the newly established muillien-dollar Space Environment Management Coopeeat
Research Centre — an Australian national reseantiecfunded by the Australian Government’'s Depantnof
Industry. The overall goal of the Centre is to 8l cost-effective capability for space debris reiaion using
photon pressure delivered by ground-based lasem®t@ debris objects for collision avoidance. Tésearch
and development areas set out to achieve the goalsutlined and recent related research progressthe
RMIT SPACE Research Centre perspective is reported.
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Introduction

Modern societies have become highly dependentmices delivered from space. The reliance of the
Australian community on space-based services camover emphasised. Satellite communications gadein
and positioning, weather monitoring, remote sensiwyices for environment protection, agricultaed
mining, are just a few of applications requiringustainable and safe space environment.

Orbital debris was recognised as a serious thoespidce operations in 1978 by Kessler and CouiisP@la78).
Since then many modelling studies have ensued véfhiotv the instability in some low-Earth orbit (LEO)



regions (Liou and Johnson, 2006, Liou and John2008, Rossi et al., 2009, Bennett and Sang, 2011),
motivating further studies to model the effectsnifigation and remediation scenarios (Braun et24l13,
Inter-Agency Space Debris Co-ordination Commitg,3, Liou, 2013, Mason et al., 2011, Phipps, 2Gtdpl
et al., 2013, White and Lewis, 2014).

The largest public database of Earth-orbiting disjecprovided by United States Space Command
(USSPACECOM) using its Space Surveillance Netw&RN). The current USSPACECOM public catalogue
contains data concerning 17,000 unclassified obj@atrently in orbit, including two line elemen®_Es)*
representing their orbits which are updated regutard accessible atww.space-track.org

The 17,000 public catalogue objects are mostlyelatigan 10 cm in size, with only 7% of these olgdxing
payloads, the rest is debris. It is estimated 588,000 debris objects between 1cm and 10 cm érsiide in
the near-Earth orbit environment, each travelling#m/s and having the potential to cause catalico
damage in a collision with a spacecraft. A propdS8#l upgrade to improve debris sensitivity willriegse the
catalogue size to over 100,000 objects. Thesentralled objects comprise spent rocket bodies, non-
operational satellites, tools, and fragments resufrom collisions, fuel ejections, and explosions

With the collision between the operational Iridi@® and the defunct Cosmos 2251 in February Z8@%o0,
2009), theKessler Syndromer collisional cascadingf the space debris is increasingly becoming btyesaich
that space will eventually become un-usable if mgtlis done. For example, the International Spaa&dh

(ISS) was forced to perform it&*®rbital manoeuvre in July for 2014 to avoid a deagment which is a clear
indicator of the increasing debris threat sincel 8% has only performed a total of 19 collisionidance
manoeuvres since 1999 (NASA, 2014). As a resuicssituational awareness (SSA) is now a globehres
and development priority with the aim to stabilis®el improve the space environment.

A key part of SSA is space debris surveillance chitienerates and delivers orbital information afcgp
objects. This orbit information is fundamentallypartant to space environment management for cotimc
assessments. It is also necessary for future aatibes removal methods, for example, dock anducaptebris
removal techniques.

The international community has sought to additesspace debris problem by first protecting openaii
spacecraft, because these can at least be movef lrartm’s way whenever a debris collision in imarih
Space debris orbital data is obtained, principtiyn US space catalogues, and the data is thentaseentify
(predict) potential collisions. Accurate orbit infisation of space objects is fundamentally importarihe space
environment management efforts now under way iatesnally.

The Space Environment Management Cooperative Resedr Centre

Cooperative Research Centres (CRCs) are an Aastr@lovernment scientific research program admirgdte
by the Department of Industry. The CRC Program iniisited in 1990 to enhance Australia's industrial
commercial and economic growth through the devetamrof sustained, user-driven, cooperative publieape
research centres that achieve high levels of cogiaiesation and technology transfer. The CRC Progra
targets key industry-focused problems and innomatieeds and facilitates close collaboration betviegustry
and academia. It also has a strong education coempavith a focus on producing graduates with skélsvant
to industry needs (Zhang, 2014).

On February 21 2014 the Australian Government anoed that the Space Environment Management CRC
(SEMCRC) was successful in the 16th round of CR@liflucf. The SEMCRC, managed by the Space
Environment Research Centre (SER@)il build on Australian expertise in measuremenanitoring, analysis
and management of space debris to develop newdkadies to preserve the space environment. Thishaile
strong social, environmental and economic bentfité\ustralia, as well as long-term commercial égations
for Australian space industry. The CRC will brimgéther business and research institutions (doonesti
international) to mitigate and ultimately remove tisk of space debris collisions.

The current research members of the SEMCRC are:
¢ RMIT University (AUS);
 EOS Space Systems Pty Ltd (AUS);
e ANU University (AUS);
e Lockheed Martin (US);

! http://celestrak.com/columns/v04nQ®elesTrak, Center for Space Standards & Innomatiocessed 13-Nov-
2014.

2 http://www.minister.industry.gov.au/ministers/matdme/media-releases/driving-research-and-deligerin
results-australiaDepartment of Industry, Australian Governmentessed 16-Oct-2014.

% Space Environment Research Centrew.serc.org.apaccessed 22-Oct-2014.




e Optus (AUS);
« National Institute of Information and Communicasohechnology (JPN).

RMIT University, EOS Space Systems Pty Ltd and Abuversity are the three essential partners.

Collisions can be avoided by moving a satellitsatety, provided the debris orbits are accuratatywn and the
satellite is manoeuvrable. The SEMCRC won't develojive debris removal or laser removal (deorbjtimgt
instead work to curb the growth of the debris papiah by reducing the number of space environmental
catastrophes using lasers for collision avoidaNesv technology is required to track 10 times the@ant of
space debris, for objects 10 times smaller and Witkimes the existing orbit accuracy in the futcodision
zone (Smith, 2014, Zhang, 2014) .

The SEMCRC was formed because of strong natiotedasts and the need for additional funds to aehiev
efficiencies from diverse pooled resources. Itigeeted that the cooperative R&D proposed herebitig
significant societal, commercial, technological aneldibility benefits to Australia.

Aims and objectives

The SEMCRC objectives relate to the managemenpestdction of the space environment, with particula
emphasis on mitigating the damage currently cabgespace debris and remediating its future impacpace
assets and space services.

Collision risk in space remains at unacceptablelteliecause of the following key issues:
i. Difficulties in tracking and maintaining orbitalfarmation for enough debris objects;

ii. Debris tracking is inaccurate so orbit determinai¢ODs) are poor, requiring more frequent re-
tracking, adding to the effective tracking burden;

iii. The propagated orbits are inaccurate;

iv. Collision prediction is unreliable and no spacectafild manoeuvre in response to every potential
incident without quickly running out of fuel on atb

v.  We have no ability to reduce collisions betweercepdebris objects themselves, the primary long-term
cause of future proliferation of the space debeislf

Each SEMCRC Research Program (RP) addresses eedtfiespect of the debris issues and can makeragstr
contribution in its own right. At the same time higrams are closely inter-related and each aittage off
progress in other programs. To mitigate reseasthaach program has been designed to initially npaly on
current results and momentum in the other prograrhgde being positioned to take advantage of lathrances
in them.

The CRC builds on recent progress in debris traglonbit determination, and photon pressure teagyol
amongst its participants to address the issuesighréour RPs:

a) RP1 aims to improve our observational capacity@hit determination accuracy using new
observational technology and techniques;

b) RP2 aims to improve our ability to make rapid odsterminations and accurately propagate the orbits
forward in time;

¢) RP3 aims to improve our ability to predict collisgy with better propagation and more targeted naski
of sensors to high risk conjunctions;

d) RP4 aims to create new, non-destructive technaddgieprevention of collisions between space debris
to prevent an avalanche of debris generating afiss

Research roadmap and relationships

The RPs were designed to have strong standalopetsuiut also multiple interdependencies. Belowhd?e is
briefly described and the relationship between tieshown in Figure 1.
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Figure 1: Research program relationships and taskisnmary

Research Program 1 - Tracking, Characterisation &hehtification of Space Objects

This research program will develop innovative téghas of active and passive object tracking to jplev
sufficient accuracy for orbit propagation and caowjiion prediction. This research program will inigaste and
develop non-terminator acquisition and trackindt 8O debris objects, i.e. the laser can fire withiwat need for
the optical camera system. The research will aés@ldp novel techniques to detect and provide pi@tiorbit
determination for new (currently un-catalogued)ects. Tracking data and target signatures willdeemded
into a new database of orbit and physical infororatibout each object. The database will also alisww
monitor changes in time as objects age, aid ideatibn of a target and correlation with previousuiure
tracks when tracking data becomes sparse. Highutesoimagery using adaptive optics will be usedurther
develop the characterisation and identificatiospdce objects.

This program will also develop concepts and designa high power tracking laser in combinationhnét high-
end adaptive optics system that is able to promidge level tracking accuracy to GeosynchronousdiGE
objects. An adaptive optics system will be useckthice the point spread of a passive sensor tiffingction
limit, vastly improving the ability to accuratelsatk the object.

Research Program 2 - Orbit Determination and Prédig Behaviours of Space Objects

To predict future collisions between space objeatsurate orbit predictions (OPs) are required fgihaperly
account for the variable space environment, eggEdrth’s gravity field, atmospheric drag, solagmetic
disturbances and other perturbing forces. The pyirabjective of RP2 is to develop advanced higltisien
orbit propagators.

Accurate orbit predictions are a fundamental eldmeguired for any remediation technique (sucheasote
manoeuvre of space debris described in RP4) tdiseathe orbital debris environment. For an objedtEO,
determining the atmospheric mass density to a &oglaracy is required to estimate the drag effectd,hence
improve the prediction capability of the orbit. TP will work on improving atmospheric mass dgnsibdels
using precise orbit determination. Precise orliitirmation will be used to improve the accuracy of
atmospheric mass density models by analysing thg-perturbation equation of the semi-major axia of
satellite orbit which relates the rate of changéhefsemi-major axis to the atmospheric mass dendidels
commonly employed to estimate the atmospheric messity have a reported accuracy estimated at 15%.
Recently, improvements have reduced this erro0gb,lhowever, for applications such as unaided déaser
tracking this error should ideally be reduced t&6=-2



The precise orbit determination studies undertd@esatellites will primarily be used to improveetaccuracy
of atmospheric mass density models to obtain theired increase in accuracy. The satellite studiéés
ultimately be used in an accuracy assessment ify lee methods described below for reliable orbit
determination of debris objects.

The ability to predict conjunctions between orlijtimbjects requires propagating many object orbits thigh
accuracy. Operationally, accurate seven-to-ternpdegfictions are desirable. Numerical integratiothef force
model equations, whilst highly accurate, is praiwily slow in computation time for applicationscéuas debris
acquisition scheduling, laser clearing, and calhsivarning systems. Propagating many orbits usimglp
analytical approximations is extremely fast, howelacks the accuracy required for reliability. Semalytic
satellite theory falls between numerical integnatimd the analytical approximations with an accyrac
approaching that of the numerical solvers and apedational speed approaching that of the purelyyéinal
approximations. Semi-analytic satellite theory ilves recasting the governing equations for an dlsjecbit,
separating the effects that occur on a “fast” tsoale from those that occur on a “slow” time scalds
technique allows the numerical integration to bdqvened using a longer time step. This RP will iy the
accuracy and reliability of semi-analytic sateltlibeory, providing fast and accurate orbit predicsi for all
known objects, hence providing more reliable coojiom assessments.

The reality for most orbital objects is that dataisually sparse. It may also be from differentrses, for
example, radar, optical and satellite laser randgRediable orbit propagation using sparse obsaymatidata is
required for debris objects. This RP will develgwmalgorithms and software to predict an objeattstaising
the publicly available TLE data, extending on poes analyses by the authors. Methods will be dpesldo
improve the reliability of predictions from TLEsdapplied to conjunction analyses as well as other
applications. The improvements in orbit predictamturacy are necessary for remote laser manoetigpaoe
debris detailed in RP4.

To determine the effect that potential remediatitathods (RP4) will have on stabilising the orbitabris
environment, an evolutionary model will be develbpe simulate their effect. The result will be gbisticated
software model for the evolution of the space debnvironment.

Research Program 3 - Space Asset Management

This research program will provide a transparedtr@tional means to make decisions about assetgaarent
and how best to optimise assets and preserve #oe gmvironment. Techniques, algorithms and dag¢atias
predict and avoid potential collisions will be deed. A major focus will be the development ofteyss that
allow multi-national contributions to space objeatalogues and a global distribution of asset mamegt.

A core function of the CRC will be to develop acpéised Satellite Object Catalogue (SOC). The SIR@C
has the participants and cooperation of a mullienat sensor network for space object tracking. SBMCRC
will develop techniques, processes, data formadsdisiribution methods to develop the SOC, leveragi
existing catalogues as initial sources of informathnd including the SEMCRC's precision trackingataility.
The catalogue will contain orbital elements, assteci covariance matrix of space objects, and cteisation
data, such as reflectivity, magnitude, and any raaae history. The semi-analytic orbit propagatevaloped
in RP2 is to be used as the main orbit computatiethod. Numerical precision orbit propagation ahé ill
also be generated for some purposes. The catalifjure developed, assessed and refined throughwvithen
the CRC members’ own space operations, and théreiwider space community.

The SEMCRC will develop a conjunction analysis dalitg system for all objects (all-on-all conjunati
analysis) in the SOC and provide alerts to subscsiiThe CRC conjunction system will also distrébptiority
tasking to sensors in the SOC network to providesiased tracking and updating for serious poteotitision
prospects. The conjunction analysis and sensoingé&edback loop will be optimised to minimise tisk of a
real collision, that is, the more likely the cailiss the more intensive the tasking and tracking.

Research Program 4 - Preservation of the Spacer&amvient

This research program will develop leading edgetda optics capabilities that allow high intendiger
beams to be propagated through the atmospheres amdenabling technology for remote manoeuvre. This
program draws on the extensive experience in Beeglopment at EOS Space Systems, as well as aelapti
optics developed by ANU for the billion-dollar intetional project The Giant Magellan TelescopesThi
research program is strengthened by atmosphergigshyay tracing and simulation modelling expertis
contributed in-kind by RMIT University.



This research program will develop high power lasehnologies to be used in photon pressure expatsrand
also develop techniques to combine and phase neultipers for increased power, beam shaping ana bea
control.

The momentum properties of light make it possibleffect small orbit changes to a debris targathfgh
intensity laser beam can be delivered to the drtatget. Detailed modelling shows that that usant0 kw
continuous wave laser can deliver this momentunmgbaT his program combines the outputs of actizeking,
orbit computation and beam propagation throughath@sphere to make small but measurable changas to
orbit. A demonstration of a practical active cadlisavoidance system using photon pressure is gegbd he
demonstration will be undertaken at the EOS Spaze&ch Centre at Mt Stromlo.

For a collision avoidance manoeuvre even a smailiggation is useful as long as it results in reuurcof the
probability of a collision. A potential debris mano/re campaign would entail multiple engagements
illuminating the target (or targets) for a timeeigtated orbit manoeuvre of small “nudges”. A conagpwing
of one of these “nudges” is shown in Figure 2. anoeuvre needs to be larger than the uncertaintmbital
predictions in order to be confident that the mamwoe doesn’t cause a collision. The Iridium-Cosreesnt had
a predicted miss distance of 580 m but the spaftestilhcollided. This highlights the uncertainity conjunction
analysis based on the TLE data alone.

The RP4 research plan leads to a proof-of-conoggrenent and extensive evaluation of the resoltdafser
manoeuvre, building on earlier work performed fogltightForceproject (Stupl et al., 2013). The main
experiment will use the following approach:

1. A selected debris object is laser-tracked multipiees to allow high-fidelity orbit determination én
constrain the errors on orbit prediction. Thisl&aused in a simulation to determine if the photon
pressure manoeuvre reduces the probability ofsiofl

2. The selected debris object is illuminated withghhpower laser when it passes over the groundastati

3. The object is laser-tracked to evaluate the chamgebital parameters induced by the laser
illumination.

The space debris tracking systems at Mt Stromladeasonstrated much higher accuracy in orbit measeme
and prediction than this measure (Sang and Snothl ,2Sang and Smith, 2012). The Mt Stromlo tracking
system provides precision measurement accuratyée dimensions (azimuth, elevation, and rangeJigirdy
this high accuracy data in an orbit determinaticocpss yields high accuracy predictions.

Original orbit

-

Perturbed
orbit ~

Figure 2: Laser manoeuvre concept using photon presse

Recent progress on debris orbit prediction and outok

RMIT University is the leader of RP2. The authoasér made significant progress to date on debri$ orb
prediction which will be built upon and developedpart of the SEMCRC. The following is a summargaife
of the work that is applicable to the SEMCRC objesg.



Significant improvements have been obtained intgni@diction accuracy for satellites using only phublicly
available TLE data sets using the TLE-OD/OP metffB®hnett et al., 2012, Bennett et al., 2013b). ThE-
OD/OP method fits pseudo-observations generated failtiple TLEs in an OD process using a highlyuaeate
numerical integrator. Recently, the method waste&ir debris objects and although it resultedriproved
OPs for debris objects overall over SGP4 propagdtmm a single TLE, the results were less convigci
(Bennett et al., 2014b). There are a number pass#zisons for the method performing worse for defot
instance, debris may not be tracked as accuragdlyeasatellites which results in less accuratesT Othis
tracking accuracy aspect is something RP1 aimddeoeas. This inaccuracy could result in erronedus T
pseudo-observations corrupting the results whichldvaeed to be removed in the OD process. Methmds t
address this will be developed in future work aniriportant for RP2 and RP3.

Good progress has been made producing reliabldromssparse optical and laser tracking data (Saadj,e
2014, Sang and Bennett, 2014) and it has been stimwsufficient accuracy for unaided debris laseging
(i.e. the laser can fire without the need for atiaah track) is achievable (Bennett et al., 20134 recent
advances are due to a method to estimate thetlwatigefficient of the debris using long-term TLRtd (Sang et
al., 2013).

More recently, work has been done on investigatiegminimum data requirements for reliable OP fisparse
very short-arc tracklets where as little as twe&osds passes, separated by 24 hours is suffighear fitting
optical and laser observations (Bennett et al.420Bennett et al., 2014c). The accuracy and mimirdata
requirements are dependent on the availabilithefrange observations from the laser sysiadthe angles
(azimuth and elevation) observations from the gpsystem. If either of these is not availablegorOD fitting
then the results are not reliable, indicating thpartance of 3-dimensional observational data. Degi@n with
TLE pseudo-observations has also been investigatddhe weakly-weighted TLEs provide sufficient
constraining for an otherwise indeterminate systamsed by the lack of observational data (Benneit e
2014c). This research is very useful for the cafadoin RP3.

The SEMCRC will benefit from these analyses bub &igild upon them. A key aspect will be developantast
orbit propagator for the purpose of accurate cartjon assessments.

Summary and concluding remarks

It is anticipated that the SEMCRC will be formaldyunched before the end of 2014. The SEMCRC wilkettep
knowledge, methods and capability to preserve thiab space environment. It builds on long-term
collaborations and builds on capabilities develofedein. All the three essential partners weredoients of
the Australian Space Research Program projectshengew collaboration through the SEMCRC presents a
great opportunity to further consolidate their extpve research strengths and hopefully this nevreewill
open a chapter in the Australian space researcinangiation.

This paper briefly outlined the research programgards laser manoeuvre. While significant advancesne
have been made in the individual research aretasllifurther development is needed to realise las@oeuvre
remediation. The SEMCRC is the mechanism to biaggther discrete research efforts for mutual gain t
deliver an effective mitigation scheme.
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