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Abstract

Until now satellite operators were not obliged &alize end-of-life (EOL) disposal operations and
satellites were not designed to sustain such & €iitical phase. They were therefore usually laft
orbit or only “best effort” solutions were followed order to free their operational orbit and twmiti
their presence in low Earth orbits (LEO) proteategions as much as possible.

Nowadays given the proliferation of space debrid afier recent in-orbit collisions some standards
and requirements have established to promote gédfmats to deal with the space debris issue.

Satellite architectures and FDIR usual schemes Haefore to be updated to cope with new EOL
disposal and passivation constraints. This has beeffinal goal of a R&D study realized by Thales
Alenia Space.

1. Introduction

Currently an AOCS/FDIR heritage is often reusednfrmissions to missions with only some add-ons iwrtag for

some specific requirements and payloads constraiits FDIR development and definition process cofagsin

the project and is not properly addressed in earbhitectural design and trades (phases A/B). Tihigs the

AOCS/FDIR capabilities and leads sometimes to mdgsign modifications in already advanced phaseth®f
project which are complex and costly.

In addition, new space debris mitigation regulagigh][2][3] impose additional constraints on the 88 design
requiring robust de-orbit functions with a demagirliability at end-of-life (EOL). ‘Best-effort’ idposal solutions
adopted till now could no more be accepted anccémability to de-orbit the satellite have to be destrated after
the occurrence of major failures in order to béartized to continue or extend the operational roissi

Because of all these reasons, there is an emengied) to develop improved safe and de-orbit moddd@neassess
the AOCS/FDIR architectures in order to be ablexecute EOL disposal operations in a safer and medi@ble
manner even in presence of failures.

In this sense a R&D study has been performed byehalenia Space for the detailed FDIR analysisaafew
AOCS de-orbit mode making future satellite fullyngoliant to space debris mitigation requirements altwving to
limit the proliferation of space assets in alreadywded low Earth orbits as satellites will be aoleexecute end-of-
life operations even in presence of failures.
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1.2 Study objectives and assumptions

The main objective of this study has been to answé¢hese emerging needs with the development dfmanoved
and as far as possible generic :

* AOCS/FDIR architecture for a de-orbit mode valid different classes of LEO missions;
e and of an improved AOCS/FDIR development processrder to take into account FDIR inputs/outputs
since the early phases of a space project and &ateidmodifications.

In order to define an optimal and as generic asipes AOCS/FDIR architecture it has been decidedt#ot the
analysis from the design of current TAS LEO platisr to evaluate their EOL disposal capability amddentify
the major modifications required to be complianint@rnational space debris mitigation requirements

1.3 Current and future approach to EOL disposal

Up to now several LEO satellites have already smeessfully disposed even if they were not spzifi designed
for such a phase. However the current approacl®to lias been in most of the cases only a “bestt&ffoe: trying
to be as much compliant as possible with spaceisietitigation requirements depending on the s&tedifatus and
on the still available resources at the time ttepai$al is executed. The selection of a particulgradal strategy has
been usually addressed just before the EOL andstitilachievable solutions have been consideredréale-offs. In
most of the cases this approach has led to a dmlation which significantly varies from a satedlito another and
anyway is far from to be an optimal one.

Instead, in order to define an optimal de-orbit madhich could be applicable to different missioasskes, EOL
constraints have to be taken into account sincedhly phases of the development process and #ferprd disposal
strategy has to be selected by comparing the lesrafd drawbacks of all possible solutions. Thes cen derive
the satellite design and hardware redundanciesagtesing that at least the minimal on-board ressuneeded for
the execution of the disposal operations wouldtitieasailable at EOL.

This approach, followed in the frame of this stutigs allowed to find commonalities between differeBO
missions and to optimize the AOCS/FDIR design afent multi-propose platforms while limiting thests linked
to the use of additional or independent hardwaeeifipally designed for the EOL disposal.

2. Post-mission phase and requirements analysis

The goals and operations of the post-mission phase been analysed in details in order to derieengéeds and
constraints at satellite and AOCS levels. Heraype&al sub-phases of the EOL disposal are briefballed.

» Disposal manoeuvres needed to release the opehtdnit and to realize controlled or uncontrolled
entries on Earth or a re-orbit into graveyard arbit

e Fluidic passivation where all fluid and thermal ragement issues aboard the spacecraft are consumed,
made safe or jettisoned in order to bring the Beteb a minimum energy configuration and minimibe
destructive capability of its components;

» Electrical passivation of the power system, mathly batteries which are the most common and dangero
source of stored energy left on-board;

e Transmitter disconnection to complete the satghigesivation by switching off all means of commatiicn
and command of the satellite.

Once having analysed these sub-phases, the drisgquirements for the end-of-life de-orbitation hdnez=n derived.
The major specifications taken from [1] [2] [3] amfluencing the most the AOCS/FDIR design are ltedéhere :

- A spacecraft or launch vehicle orbital stage opegan the LEO protected region, with either a pan@nt

or periodic presence, shall limit its post-missppasence in the LEO protected region to a maximiim o
25 years from the end of mission.

- In case the total casualty risk is larger th@n*, uncontrolled re-entry is not allowed. Instead, a
controlled re-entry must be performed such thafrigact foot-print can be ensured over an oceas, are
with sufficient clearance of landmasses and traffiges.

- The probability of successful disposal of a spamiéshall be at least 0.9 at the time disposaxéseted.
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3. EOL disposal strategies selection

Before defining the baseline AOCS/FDIR architectarade-off analysis has been realised betweeeraekZzOL
disposal strategies in order to identify the idaad preferable solution for each class of missmmsidered in this
study : Science, Earth Observation, TelecommuminatMeteorological and HEO. The main removal means
described in 1ISO24113 [2] have been considered :

o Controlled re-entry: targeted re-entjth a well-defined impact footprint over non inlizll areas;
Uncontrolled re-entry: over a circular orbit re-enirig into the Earth atmosphere in less than 25syea
Uncontrolled re-entry: over an elliptical orbit eetering into the Earth atmosphere in less thaye2ss;
Drag augmentation devices: propellant-less saisti@ducing the remaining orbital lifetime;

Orbit change + drag device: combination of loweningnoeuvres and propellant-less solutions;
Re-orbit: transferring the satellite into a higloagh graveyard orbit beyond LEO protected region.

O O O O o

Different selection criteria have been evaluatediider to derive a preliminary selection of theferable EOL
disposal strategies for each mission class. Thuftgencing the most this choice have been the taalalty risk
and the delta-velocity change.

The total casualty risk can be defined as the gidibathat a person is killed or seriously injureg the surviving
fragments not completely burn up during the atmesplre-entry and, as requested by internationaiespebris
mitigation requirements, it shall be lower thEdT*. In case of higher values two main solutions exist

- one can execute controlled or semi-controlled rteiesnor a re-orbit if these solutions are feasibten a
space mechanics point of view as described hergafte

- or choose the Design-for-Demise solution which iasn modifying the satellite design (equipmentla
their accommodation) and/or the materials usedriteroto guarantee that less objects, ideally neuik,
survive the re-entry.

In both cases major modifications of the satetliésign could be necessary.

For what concerns the second criterion, the dedtaeity change required for each of the disposaltagies has been
computed as a function of the initial satellite ibdnd then compared to the current delta-velobitgget of LEO
platforms. It has been derived that the currvitbudget is not always sufficient and more prop#limass and thus
larger tanks are needed.

To serve as an example some of our current detivieEO satellites at 800 km of altitude should usgerthan half
of its total AV budget to reach the circular or the ellipticadpiysal orbits while the controlled re-entry is adible as
the required propellant mass is greater than thdadble one. This scenario is even worse for a arsatellite of the
Myriade Evolution family, for instance, which woutdve to use all or more than its current propelaass to reach
a disposal orbit if placed at an altitude aboveragmately 750 km.

Considering the typical altitudes of different LE@issions, the delta-velocity change criterion hHewed to
guantify the additionaAV needed and to derive the preferable EOL dispstsategies for each mission class. It has
been derived that controlled re-entry has to becset! only if strictly imposed by the mission or thye satellite
design (total casualty risk higher than the maximion* value, for instance) as it is very demanding imt of
both delta-velocity change and on-board resoureesded.

The uncontrolled re-entry represents the “bestiitsmh for almost all the satellites orbiting at l@litude except for
those satellites placed in higher orbits (abover@pmately 1400 km) for which the re-orbit should preferred.
These two solutions require lower delta-velocitpoges with respect to other strategies and careddzed with
only few improvements of the current AOCS desighlB0O platforms.

Finally propellant-less solutions are very intergstand promising but the Technological Readinesgel (TRL) of
some of them is still too low to be proposed nowadas preferred solutions. They represent howeherideal
solution for small and micro satellites placedat laltitudes, like those of the Myriade Evolutiolatform. In fact
given their limited size and mass, propellant-sssitions are the only viable ones without a coteptdange of the
satellite design. The use of electrical propulgiepresents another promising solution for all LE@sions but a
complete re-design will be needed as current plaoare not equipped with such a high specific iis@ylsp)
propulsion system.
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4. AOCS & FDIR Architecturedefinition

The following figure illustrates the final architace (b) and the mode transitions selected afteade-off between
two main solutions : performing the de-orbitatioside current OCM or SAFE modes as additional fonelity (a)
or from independent modes specifically designedHerpost-mission phase (c).
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Figure 1: AOCS/FDIR architecture including the ndsvorbit mode

The Reduced De-Orbitation Mode (RDOM) has beenvddriin the frame of this study and this particular
AOCS/FDIR architecture has been selected for riitiatand robustness reasons. Indeed the satellileideally
realize the EOL disposal manoeuvres through theimalreet of hardware of the OCM but in case ofragerary or
permanent unavailability an alternative solutionsex: a transition to the RDOM will be triggereddathe final
phases of the satellite disposal could be accohgalisrom this mode.

This solution has the great advantage of allowimgcontinue or extend the mission operations evéer dhe
occurrence of one or several failures and at leatsitwhen the units used in this mode will bel stiailable and well
performing.

A functional redundancy has been preferred to thsigal redundancy as the goals have been hesetasimuch as
possible the units already available in current Lii&@forms and to limit the extra costs and comipyelinked to the
need of additional hardware specifically desigramdiie EOL disposal.

An overview of the units involved in the AOCS fuiactal chain is provided by the following figure :
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Figure 2: AOCS functional chain
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The proposed AOCS design is based on TAS LEO Igerita order to benefit from flight proven functioaad

retour over experience . However some modificatimange been realized because of the constraintssieply post-
mission disposal. In fact at least more powerfuliskers are necessary in order to reach the dikpdsia with a

reasonable number of manoeuvres. Section 5.2 psefenresults obtained with the current 4x1N dwedproposed
4x5N thruster configurations.

The redundancy schemes and cross strapping pescilthe AOCS HWs are summarized in the next taiblieh
shows the units employed in the different sateititedes including the new de-orbitation one.

The AOCS configuration selected for the RDOM isdzhenly on the minimum set of the sensors and twtia
necessary to conduct the EOL disposal operatiomssd units are less performing with respect toghsed in the
OCM but are very reliable and thus expected totlleasailable for the post-mission disposal as destrated by
reliability analyses presented in the following tea.

Table 1: AOCS hardware matrix including the RDOM

Mode SAM TRM NOM OCM RDOM
Hardware | Number Redundancy ON |OFF | ON |OFF | ON | OFF | ON | OFF | ON | OFF
2EU+3 Cold for EU X(M| X X X X (1)
MHSTR OH Both EUs address
the 3 OHs
GPS 2 antennas | Cold 1 out of 2 Xy X X X X (1)
2 receivers
Css 8 solar cells | Hot X X (1) X (1) XMy X
MAG 2 Cold / 1 out of 2 X X X X X
CRS 2 Cold / 1 out of 2 X X X X X (1)
RWS 4 Hot/ 3 out of 4 X (2) X X X X (2)
MTB 3 Cold / 1 out of 2 X X X X X
THR 4 Cold / Setof 4 X X X X X

Q) Equipment unit switched ON but not used in ACgised loop.
(2 Wheels maintained at constant speed for gypmstiffness purpose

The RDOM configuration is similar to that of the BA mode except for the use of thrusters. It hasvagybeen
considered as an independent mode from the alresidiing ones because of the specificities of tispabsal and
passivation phases. In fact usual FDIR principled tareshold monitoring used in other satellite s®dre contrary
to the whole notion of post-mission disposal ay thien at keeping the spacecraft operating or alive.

In addition particular disposal strategy and AOG8iation logics have been developed for the RDOMegscted
in the following figure showing four main sub-phase
l. SAFE attitude maintaining

whose main goal is to maintain the satellite SAREuale (Sun or Earth pointing depending on thesinis
constraints) allowing to maximize the power gerieraaind/or the communication window with the ground

1. Orbit change attitude acquisition

where the satellite changes its orientation in ptdeachieve the attitude allowing to execute thiito
change manoeuvre.

. Orbit change manoeuvre execution

where thrusters are activated in order to acceleyatiecelerate the satellite and change its drhitusters
are commanded in OFF-modulation in order to achtbeedesired velocity change while creating a null
disturbing torque on each satellite axis. Insteadase of failure this strategy is no more viahid MTBs
are used to counteract THRs disturbance torquesoacmhtrol the satellite attitude.

V. SAFE attitude acquisition

after having executed the orbit change manoeulecsatellite changes its orientation to achieveayain
the SAFE attitude.
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Figure 3: RDOM disposal strategy and actuationdogi

A Fail-safe concept has been chosen for the RDOWMrder to simplify the whole FDIR strategy. Thisaségy is
compatible with the needs of this phase where paldovill be normally switched-off and the disposperations
could be interrupted at any time and then rescleediul order to guarantee the satellite safety.

5. AOCS & FDIR Architecturevalidation

Several analyses and simulations have been comtlircterder to assess the feasibility of the newod®t mode
proposed in the frame of the R&D study and to eat@ithe AOCS/FDIR performance in both nominal aaitlife
contexts.

5.1 Reliability analyses

Reliability analyses have been conducted for tiereace satellite of this study in order to evadutlie probability
of successfully dispose the satellite from the RD@hd then to compare this value to that imposeihteynational
space debris regulations. The reliability of thepdisal has been computed without condition of ssccencerning
the mission phase as suggested in [2] becausapghi®ach would have led to values better than 0.99.

__ P(MnD)
P(DIM) === ®
This result can be justified by the fact that ifuyoonsider that your mission is successful at theé ef your
operational lifetime, the probability of failure ritog the disposal phase is very low because thatidur of this phase
is very short compared to the mission phase.

A more pessimistic approach but at the same tingenoore representative of reality has been useel refiability of
the disposal has been computed by taking into axtcallithe needed functions to de-orbit over theletsatellite
mission. 10 years of operational mission plus 2 ttn@ffior the de-orbit have been considered. Thdtseate shown
in the following table.

Table 2: Reliability budget for the Reduced De-@ation Mode (RDOM)

Global Phase (89060 hours)
RELIABILITY AT
PLATFORM SUBSYSTEMS FOR UNCONTROLLED RE-ENTRY 10 YEARS +2 MONTHS
PROPULSION 0.998
ELECTRICAL POWER 0.978
TELEMETRY TRACKING AND COMMAND 0.991
SATELLITE MANAGEMENT AND ATTITUDE ORBIT CONTROL 0.946
STRUCTURE 0.999
PLATFORM 0.917

This analysis has allowed to verified that the I§tgearchitecture and the redundancy schemes eéfior this
reference satellite are compliant to the requirdnmelated to the success of the disposal as thabilgly of the
platform is higher than the required 0.9 value.



DETAILED AOCS & FDIR ARCHITECTURE OF A NEW DE-ORBIT MODE

5.2 Space mechanics analyses

Several analyses have been realized in order teedire ideal propulsion system configuration amavaluate the
impact on the complexity and duration of the dishas terms of propellant mass and number of man@suneeded
to dispose the satellite. Table 4 presents thdtseshtained for the reference satellite of thisglgt

Table 3: EOL disposal strategies with the curratgltite configuration (THRs force @ EOL of 0.4 N)

EOL disposal strategy Cr0 en-tez:zlrljd re—LeJ:t(i(;/n(téicr)ltlzﬁ?ar) re—gnr'l(r:?/n(terlﬁlllaﬁiial) Re-orbit
(periziesé’?Zi'o(;rgg) - 50 — 800 600 — 600 475 — 800 2030 - 2080
A semi-major-axis [km] 375 200 162,5 1230
AV disposal [m/s] 208 106 87 566
Propellant mass disposal [kg]| 101 50 41 300
MeanAV per burn [m/s] * 1.77 1.78 2.05
Number of manoeuvres * 112 92 601

(*) not provided as 1N thrusters not compatiblenviite execution of this strategy, or at least #st burn

Note that, as said before, the uncontrolled rei@ntover circular or elliptical orbits have to beeferred for this
satellite as they lead to a much lower propellamtsamption with respect to a controlled re-entrg #re re-orbit.
However a significant number of manoeuvres haveeaealized with the current configuration of tleference
satellite (4x1N thrusters at BOL) given the limitieice provided by thrusters at EOL with the deseeaf the tank
pressure. These values can be considered as pivhibnd could probably not be accepted for futonigsions,
especially in case of constellations, from bothrapenal and reliability points of view. This meathst additional
and/or more powerful thrusters are needed.

A 4x5N thruster configuration has been selectetha frame of this study as it represented a goadpcomise
between the number of manoeuvres and AOCS needscaustraints. In fact in this case approximatetyahd 18
manoeuvres are needed to reach the circular amgticl orbits, respectively, and the impact of usters’
disturbance torques on the attitude control istéohiwith respect to configurations with more powetfirusters.

5.3 AOCSsmulations

AOCS simulations have been realized in order t@sssshe attitude controllability at the disposaitsr and to
evaluate the AOCS performance of the new de-orbderduring the burns in both nominal and degradedexts.

Because of the considerations made previously, jarnaétention has been paid on the AOCS performaridde
RDOM during a burn executed with only 2 THRs ovebetause of failures. This scenario has been salx ta
worst case with respect to the 4 THRs configuratiiere the OFF-modulation allows to ‘easily’ cohtiee satellite
attitude. The following figure shows the S/C rage®mlutions in the case of a commanded 600s burouéxe with
THR 1&3 of the 4x5N configuration and an attituagmtolled by MTBs.

0.01 T T T

0.005

-0.005
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Figure 4 : Satellite angular rates in case of as6fi0n with THR 1&3
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As expected, as soon as THRs are activated satelliés increase significantly as MTBs used inRB®M cannot
counteract THRs disturbance torques. Also attipmiating errors, even if not shown here, increageificantly and
attain high values which are not compatible wite #xecution of orbit change manoeuvres. Such andgt burn
duration could not be commanded by the groundisydbgraded configuration but anyway FDIR level @itoring
should interrupt the THRs activation before losing attitude control capability.

Shorter burn durations have been then considereddier to assess the AOCS performance and théiidgsof the
RDOM even in this degraded context. The followiiggife presents the rates evolutions in the case®BO0s burns.
In this case, even if the angular rates increasmglthe burn, the maximum values attained remaaeptable and
still compatible with the execution of EOL disposanoeuvres from the RDOM.
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Figure 5 : Satellite angular rates in case of t@s Burns with THR 1&3

The AOCS simulations have demonstrated that the HiShosal could be executed from the RDOM (if theMD
will be no more reachable in case of failures) amdn with only two thrusters even if at the cosadérger number
of manoeuvres because of the limited burn duratzueptable in this degraded scenario.

The AOCS architecture derived in the frame of #gtigdy can be thus considered as robust and fullyptiant to
space debris mitigation requirements.

5.4 AOCS/FDIR simulations

Finally AOCS/FDIR simulations have been executedrigans of the AOCS Design Escape Simulator whéteda
detection, isolation and recovery mechanisms haes ladded. Both mechanisms at equipment level (F&I& 1)

and AOCS level (FDIR level 2) have been implemeritgdhose units used in the RDOM. The occurrerfceoth

temporary and permanent failures has been simulatedder to evaluate the AOCS performance andRb&R

correct behaviour in presence of failures.

The first step to validate the choice of the mainiig and threshold values has been to verify tHalRFis not
triggered if no failures occur. These simulatioasdguaranteed that no unwanted and unnecessasititvas to the
SAFE mode will be realized in no-failure conditiofidien the capability to detect temporary or peremariailures
and to correctly reconfigure the sensors and amtsidtave been assessed by simulating several subsjeeen
those identified by Failure Mode and Effect Analy$EMEA).

All these simulations have shown that the architecpresented in the frame of this study is corbfmatiith the
execution of the EOL disposal operations even il conditions. An additional outcome has beeat this very
useful to introduce FDIR mechanisms in the AOCSusitor as this allows to modify and validate FDI&cepts
and threshold monitoring since the first phasethefsatellite development process.

Ideally AOCS/FDIR simulations similar to those cantéd in the frame of this study will allow to aglair at least
limit major modifications in already advanced pha$¢he project as the correct AOCS/FDIR behavioutase of
failure could be assessed well before the validaioase.
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6. Conclusion and per spective

A R&D study has been performed by Thales Aleniacpfar the detailed FDIR analysis of a new AOCSodmt
mode answering to the emerging needs of disposiripmroved safe and de-orbit modes and of reassgghie
AOCS/FDIR architectures of current LEO multi-purpoglatforms in order to be able to execute EOL alsp
operations in a safer and more reliable manner gvpresence of failures.

The EOL capability of current LEO platforms has me&waluated and it has been derived that at leagicaeased
delta-velocity budget and additional or more powktiirusters will be needed in order to reach tispakal orbits
with a reasonable number of manoeuvres. A majarsfd@ms been paid on the uncontrolled re-entryda than 25
years and on the re-orbit beyond LEO protectedregeven if semi-controlled re-entry with a higledfic impulse
propulsion system or propellant-less solutionse lidtag augmentation device and electrodynamicenet{eDT),
have been said to be promising solutions for full® platforms disposal.

A new AOCS de-orbit mode have been derived: theuBed De-Orbitation Mode (RDOM) allowing to realig®©L
disposal operations even if the Orbit Control Maaelld not be reached anymore. This will allow totixaue or
extend the operational mission after the occurreridailures of Nominal AOCS units as less perfarghbut more
reliable ones will be used in this de-orbit mode.fukctional redundancy has been preferred to thesipal
redundancy as the goals have been here to use @s asupossible the units already available in otirtd=O
platforms and to limit the extra costs and comyieknked to the need of additional hardware speaify designed
for the EOL disposal. Finally particular disposehgegies and FDIR concepts have been definech&®oRDOM and
the AOCS performance and feasibility have beerfieerthrough simulations.

This study has also demonstrated the benefits w$idering FDIR, payloads and de-orbit requiremesiise the

early design phases (A/B) of the AOCS developmewotcgss as this allows to avoid or at least limitjana
modifications of the AOCS architecture in alreadivanced phases of the project. In this sense tHaré&and

Anomaly Management Engineering (FAME) process B heen enriched with some topics derived by NASAItF
Management process [5] in order to define a gerelitR development process for AOCS covering a#difcle

phases and allowing the definition of an optimal ambust AOCS/FDIR design.

All the results obtained in the frame of this stymipvide useful recommendations allowing to makeGSIFDIR
architecture of future satellite fully compliantdpace debris mitigation requirements and to lth@tproliferation of
space assets in already crowded low Earth orbitsatedlites will be able to execute end-of-life mi®ns even in
presence of several failures.
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