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Abstract
We describe the definition of a new concept in afiens forSMOS “Long ECM. It has been developed to mitigate
a payload thermal anomaly that appeared in theionissx years after launch. This anomaly has wadeturing the
past few years and is now closing on impeding may/loperations for two well identified time pericesch year. To
mitigate the potential effects of this anomaly, wtdise an existing pointing mode called ECM (Extalr Calibration
Manoeuvre), regularly used in flight to calibrate fpayload, but on this occasion with an extendedtibn of a few
days (instead of a few minutes), what allows fa flayload to cool down. The definition of this néwong ECM
mode —ahead of the thermal anomaly compromisingllaegperations— has provided a clear way forward t
maintain and/or extend the viability of the mission
SMOSis a joint CNES-ESA mission that performs globbservations of soil moisture over land and salioigr
oceans. It carries a single instrument, MIRASLdrand interferometric radiometer. Initially desidrfer five years,
the satellite is already in its fourteenth yeaseifvice. In mid-November, and towards the end otidey, every year,
the temperature of one of the segments of MIRASsasystematically increases above its operationatrabpoint
(22° C), likely due to degradation of the insulatldankets and radiator emissivity, combined —adbilnese dates—
with higher elevation of the Sun over the MIRASeamta plane. Peak temperatures to date, during tivesgeriods,
are far from dangerous physical limits. Yet thésgts could turn up in a few years’ time, threatepoperations and
limiting mission duration.

Keywords: SMOS AOCS, temperature increase, ageing, risk mitigathanoeuvre
Acronyms/Abbreviations:

AOCS: Attitude and Orbit Control System

ECM: External Calibration Manoeuvre

FDIR: Failure Detection Isolation and Recovery

FOS: Flight Operations Segment

FOV: Field Of View

LICEF: Light Weight and Cost Effective Front End

MIRAS: Microwave Imaging Radiometer using Apert@nthesis

OBSW: On Board SoftWare

PRESTO: PRoteus Engineering Simulator for Tests@perations

PROTEUS: Plateforme Reconfigurable pour I'Obseorgtles Télécommunications Et les Usages Scientfq
RMM: Risk Mitigation Manoeuvre

SMOS Soil Moisture and Ocean Salinity

SOGS: Satellite Operations Ground Segment

STR: Star Tracker
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1. Introduction

Launched 2 November 2009, ESA'Soil Moisture and Ocean SalinitgMOS satellite is the second of the Earth
Explorer missions in orbit, and performs globalevations of soil moisture over land and salinitgiooceans (Figure
1). The spacecraft is jointly operated by CNES B8 space agencies. CNES is in charge of platfqueraiions
while ESA operates the payload. The satellite earai novell. band, interferometric radiometer (MIRAS) to captur
“brightness temperature” images from which mapsoofan salinity and soil moisture are further detivBy
consistently mapping two important components ewhater cycle it is advancing weather and climabelefs. With
an initial mission duration of three+two yea®/OShas surpassed thirteen years of operational erfVie mission
has already been extended three times (years 2014, and 2022), and it is currently planned uhtl end of 2025.
SMOSis a 3-axis stabilised satellite, operating irualddawn Sun synchronous, nearly circular, polait@f 763 km
mean altitude, with an inclination of 98.4° anddbsolar time of 18:00 descending. It has beent lomila turnkey
platform (PROTEUS), developed by Thales Alenia daanceSMOSis operated as a collaboration between CNES
(Toulouse), which controls PROTEUS, and ESA-ESAG@dKid), which plans and controls the MIRAS opernatio

Figure 1. Artist impression of th&MOSsatellite

The SMOS Ground Segmeist spread across two main sites: for PROTEUSShacecraft Operations Ground
Segmen(SOGS) and for MIRAS thElight Operations Segme(OS). SOGS consists of t@@mmand and Control
Centre (CCC) and thes band station network. CCC functionality comprisele-commanding, orbit and attitude
processing, and the monitoring of platform houspkegtelemetry. All tele-commands are up-linked 8@GS, using
the Sband ground station network provided by CNES;rtetvork acquires the housekeeping telemetry todcSO
provides FOS witts band housekeeping telemetry, as well as orbiedtitdde auxiliary files. FOS consists of payload
operations and thieOS Ground SegmerOS functionality comprises MIRAS payload opemas and planning, and
coordination of the platform operations led by CN&f8l the payload operations led by ESA. FOS peddWHRAS
commanding and health monitoring. These involve kiyeeommanding for planned activities and receptiin
housekeeping telemetry. Manual, unscheduled comimgrnd done as well for specific payload activitiesd/or
anomaly recovery. See Figure 2 for the principaligd segment systems.

In this paper, we examine the current status bdkanal anomaly that arose in MIRAS after six ye#reperations,
we review all the mitigation scenarios initiallyrsddered and —most important— the course followe€NES and
ESA to decide on the final optimal solution. Furthee illustrate its successful implementation ijmerational
procedures for both platform and payload. Lastewemplify the good working relationship —and deeprdination
capabilities— of the two teams that have been nmB8MOSoperations for well over thirteen years with nd¢ab
achievements. Our paper is organised as followsrn@sws of both platform and instrument are giversections 2
and 3 respectively. The thermal anomaly is desdriheSection 4, and in Section 5 we consider varimitigation
scenarios. Section 6 covers the simulations. Sectidiscusses the implications of the long ECMAROTEUS, and
analyses risk mitigation manoeuvres. We concludgeiction 8.
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Figure 2. SMOSGround Segment overview

2. Spacecraft platform description

The SMOS platform is based on the PROTEUSlateforme Reconfigurable pour Dbservation, les
Télécommunicationkt les UsagesScientifique3 bus, which have been utilised by CNES in fivdedié#nt satellites:
Jason2Jason3Corot, Calipsq andSMOS This Platform (Figure 3) has a high level of fhakty and adaptability to
in-flight modifications. The design is based on thalf-satellites (process module), PMA and PMB,hwsbme
dedicated equipment in each half and with otherpmmnts shared between the two half-satellges Figure 4). The
platform was intended for a nominal lifetime duoatiof five years. Howevedason2spent over 12 years in orbit,
Calipsois still flying after 15 years, andhson3and SMOScontinue flying as wellSMOShas been orbiting Earth
since Nov 2009. These figures pay tribute to thristness of PROTEUS.

Redundancy is present in all its apparatuses SM@Shas never triggered a safe mode since launchgimeserve
is excellent, with remarkable margins. A signifitaorplus of propellant is available too, and Esalysis showed a
possible re-entry duration ranging from 8 to 11rge&n compliance with the French Space Act, whietuires a
reentry for low-orbit missions within 25 years).
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Figure 3. PROTEUS platform
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Figure 4. Layout of the PROTEUS platform

Station keeping thrusts are executed about evengiths to counter atmospheric drag effects andreresyuatorial
phasing on a specific mission grid. This orbit vaats the satellite to always be illuminated by $um; maximum
light incidence on solar arrays is achievable usiiregight attitude guidance la®MOSbase pointing goes as follows:
the payload is oriented towards local nadir wi2& angle in track offset, the solar panel aximistly kept collinear
with the satellite velocity, and arrays rotate taximise illumination. A small yaw steering compemrsafor Earth
rotation affecting data.

3. Payload description

TheSMOSpayload is ah band, 2D interferometric imaging radiometer with-ahaped, three arms, synthetic aperture
antenna. Payload structure is split into a fixesht@l hub, 1.3 m high, and three arms extendingoughe 8 m
instrument diameter (deployed configuration). inguises 69 LICEF receiverkight Weight and Cost Effective Front
End) distributed along the three arms, and the cehtral The three arms have an angular separatib®08f and they
are denominated A, B, and C (Figure 5). The plafandd by these three arms is called the MIRASrardeplane.

Arm B
\ ' Arm A

X

F

AmC <«
Figure 5. SMOSaxis orientation and arm nomenclature

Each arm is made up of three segments, each comgaix different LICEFs. MIRAS central hub is Ided underneath
PROTEUS. It houses another 12 LICEFs, plus threseNimjection Radiometers (NIRs), together with gagload

on-board computer (CCU), and some other electregigpment. The payload measurement principle isdas the
cross-correlations between pairs of signals acquisedifferent antennas. The instrument can meabearscene with
all the receivers in the same polarisation (whiltbraates horizontal/vertical; dual-polarisationda® or can follow
a sequence with various LICEFs in different poktitms.
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An on-board, active thermal control over each MIR&#&8 segment/hub sections (a total of 12 separhigdcycles)
maintains the payload around 22° C. A set of sixRKM$E thermal sensors, combined with two separated
(prime/redundant) PROTEUS sensors, are locatedyaanh of the arm segments.

The physical principle of the mission is the interoection between the Earth surface electro-opficaperties
(specially emissivity) and soil moisture/oceanrstyi (among other parameters, like the directiorol$ervation or
the frequency). In particular, humidity and salritecrease emissivity (ground and sea respectjvetgnges being
especially notable in tHeband (1.4 GHz, ~21 cm).

Mission data availability is highly remarkable snmore than 99.8% of the overall possible sciera thas
successfully been acquired, processed and distdiotthe science community. This has been posditddo the lack

of significant payload and platform anomalies ahd good and smooth coordination between CNES amdl ES
operational teams. Initially foreseen for five y®@a@nd now smoothly running for more than thirte8MOShas
provided to the science community with a uniquelatdity of long timeL band data series. This long data availability
allows the science community to analyse and tdywéends that can be used to assess evolutiomiffiement areas
such as climatology, weather forecast modellingdindate change. Because of this long data aviitigbiew science
products such as ice and wind products have alsa beeated. Far beyond the initial science exgeast new
applications have also been discovered in diffeser@nce fields such as the measurement of thel®um L band
that provides a unique spectral window to betteratterise solar activity and Space Weather fesiture

4. MIRAS Arm A thermal anomaly

NominalSMOSattitude is such that MIRAS Arm A is always ortloogl to the orbital plane and the payload boresight
tilted 32° respect the nadir direction. This noriatitude causes the sun direction vector to eotabund Arm A
describing a cone once per orbit in about 100 nem(Eigure 6).

Figure 6. SMOSnominal attitude configuration and Sun “cone” ard@arm A

Because of its orbital inclination at 98° respéet Earth equatorial plane, the amplitude of thisecgearly oscillates
from the ecliptic inclination, 23°, + 8 degree®.ifrom 0° to 31°. Maximum amplitude of this angled therefore
maximum Sun elevation over MIRAS antenna planegéehed at Winter Solstice around'2if December. Another
relative maximum of 15° is reached around SummdstiSe and two annual minima of 0° on theéMlghd 27 of
August (Figure 7). Because of this annual variatibermal duty cycles in each of the MIRAS segmehenge around
the year but mainly over arm A that fronts Sun din. This variation is almost neglectable ovethbarms B and C
which are mostly obscured by MIRAS hub and PROTpl##form.

Because of its orbital inclination, ascending npdsition at 06:00 hours and orbit elevation arod68 Kms, an
annual eclipse season over north pole latitudasviays happening from 10-2bf November until 29-300f January.
Around 1100 eclipses occur during each of thessosea one eclipse per orbit with a maximum duratibabout
1059 seconds for the ones occurring around thel2®kDecember (Figure 8). Since Sun elevation tiverantenna
plane is monotonically growing from early Septembstil Winter solstice, duty cycle of arm A alsocdeases but
because of the start of the eclipse season tlestajets temporarily reduced during that period.
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Figure 8. Typical duration of th&MOSeclipse season

In the first years of mission there were no siguaifit differences on the duty cycles for each of HRAS arm
segments. Nevertheless, starting in 2017 (8 ydtaslaunch), a first significant decrease in tlugyctycle of segment
Al, the one close to the instrument hub, was gtedyserved. This decreasing trend grew furthemdyitie following
years reaching a point in 2019 where it totallyppid for several consecutive weeks and until tlieaérthe eclipse
season. This decrease is clearly sedrignre 10 where the evolution of the duty cycle pshit is displayed for the
last 8 years of mission from sometime before the sf the eclipse season until the mid of it icBaber. On the top
side of that graphic it is possible to see thatdbgy cycle for the first two years is continuoukil@ progressive
discontinuities further appear in the next yeadlowing years, the duty cycle of segment Al stapparlier and
earlier (Table 1) with the side effect that tempama of segment Al increased beyond instrumentrablimits.
Typical evolution of the MIRAS segment Al temperatduring twoSMOSconsecutive orbits is displayed in Figure
9. The two selected orbits are part of the uSMD Seclipse season from mid-November to end Januathid figure
it is clearly seen that highest temperatures aaehed over north arctic regions but they immedyadebp at the start
of the eclipse period (pink square function)
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Figure 10.Duty cycle evolution in MIRAS segment Al

Table 1. Time periods when MIRAS Al duty cycle was off

MIRAS A1 duty cycle stops MIRAS A1 duty cycle restarts N2 of days off
04/11/2019 09/02/2020 97
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29/10/2020 10/02/2021 104
28/10/2021 14/02/2022 109
26/10/2022 17/02/2023 115

When thermal control of segment Al stops, tempegadiso increases for orbital periods when the iSwabove the
antenna plane which also corresponds with higheépasitive latitude orbital positions. The combiaatof this duty
cycle cease plus the eclipse season created twaetature peaks once just immediately before theatéhe eclipse
season and another one just at the end (Figur&Heljirst peak, around the 1@f November, is reached because on
those days the Sun elevation, around 23°, isistittasing way to its yearly maximum but then ttaetof the eclipse
season obscure the Sun aro@MOShigher orbital positions (Figure 7). These orbjiatitions correspond with the
ones where the Sun also reaches its higher elevatier the MIRAS antenna plane triggering a cooVdof MIRAS
Al segment. The second peak in January is readealbe at the end of the eclipse season the Suatiefeis still
very high although it is getting towards its nerfagly minimum by mid-April. The earlier the dutyaty stops, the
higher the temperature of these two peaks will Bésdrhis is because temperature will earlier djgdrom its thermal
control point at 2%0 having more time before reaglthe start of the eclipse season on tiedfMNovember.

)

4 Start: 2017-10-20 00:00:00 End: 2018-02-15
2 0100

2017-10-20 00:00:00 2017-11-08 16:00:00 2017-11-28 08:00:00 2017-12-18 00:00:00 2018-01-06 16:00:00 2018-01-26 08:00:00 2018-02-15 00:00:00

Figure 11.Segment Al temperatures with duty cycle off (202822)

The future evolution of this event and its possit@sequences at payload health & safety leveigdried an early
alert on both CNES and ESA operations teams, imtineto find a possible solution to mitigate the@@raly and to
avoid or to skip those two thermal peaks in yearsdme. Further increase of these two peaks mageex€MN

thermal qualification temperatures at 40 degredsalao certain higher temperature ranges mightaffestrument
calibration and science data quality.

5. Thermal mitigation scenarios: selection oL.ong ECM

Several possible scenarios were initially selettgidg to decrease the Sun elevation over the MIRAf&Nnna plane
around those two thermal peaks (Table 2). Sombeeshtconsidered possible orbit and attitude changpde others
only considered payload configuration changes. Agribie ones on the first group, it is worth to memti

To permanently chang@MOSorbit inclination to decrease the maximum possééation of the Sun over
t?e antenna plane.

To decreas&MOSorbital elevation to have longer eclipse seasanstherefore an earlier cool down of
segment Al.
® To temporarily rotat&MOSaround its roll angle or its velocity vector.
® To temporarily poinEMOSInto an inertial external position such that thw ®ill be tangential to the MIRAS
antenna plane (Sun elevation close to zero degrees)
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For the second group of actions the only one ihjticonsidered was to switch-off the instrumentiard the two
temperature peaks.

Due to science data continuity and availabilityuiegments, we rapidly avoided the “payload switéfi option.
Switching off the payload requires a long transitperiod before reaching nominal values again dfetting good
quality’s science data. A certain risk may alsesefar this option since the instrument has newambswitched off in
more than 13 years of operations.

The first two orbital options were early discardeztause of their minimum added value for the angraatl its
uncertainty and costs in terms of spacecraft hydeaZlso those orbital changes would have modifiedslow natural
drift of the orbit which would have made the newedaon easy to compare with previous years of ainsiéries.

Finally, we had 3 remaining options: To temporarilyate SMOSaround its roll angle or its velocity vector, or t
temporarily pointSMOSinto an inertial external position. The third asesimilar to a regular manoeuvre used to
calibrate the instrument, whose name is “ECM” faxternal Calibration Manoeuvre”. This manoeuvrpeésformed
every two weeks, during a few minutes, in ordepdmt the instrument towards cold space. The idaa W use the
same kind of manoeuvre, but for a much longer durgfew days), and with a different target attgéudnlike the
two other options, it allows:

- To use the same Flight Dynamic tool developed leeffunch, avoiding extra SW costs development

- To be confident in the feasibility of the manoeufrem Platform point of view, as it looks just tatend the
duration of the ECM

The “Long duration ECM” was born. But we still hemlconfirm that we could decrease the temperaturé that the
satellite could withstand such a long inertialtatte which will be described in the next sections.

In order to mitigate the issue and at the same siatisfy the science community, we worked withrargj cooperation
between ESA and CNES as we are in the same badtstiha the excellent collaboration built for 13 gsda

Our guidance was: Science is our priority and Btgedafety is our responsibility. These two basisumptions allow
us to work together in the same way and do our foefihd a good and safe solution with a minimumnaésion
unavailability.

ESA Project Manager coordinated regular joint nmeggtito closely follow the topic and the two CNE# &BA teams
worked on it with industry support.

6. MIRAS thermal simulations in long ECMs

Between all possible mitigation manoeuvres, LonglEGeemed the most suitable one to the needs avatitlear
that all of them could achieve a temperature deserebut a better understanding of the real effentigs of the
manoeuvre on the Al segment temperature was neéegedperly evaluate this option. To have an ediioneof the
expected temperature decrease it was critical frmrbeginning to assess the manoeuvre effects gieaeal cause
of the temperature increment was not initially wstieod.

Therefore, it was clear that an agile manoeuvre thedmal simulator was required to have an estonatif the
temperature decrease. Additionally, with such satarl other aspects of the manoeuvre could be eealubke the
ground station contact to estimate MIRAS mass mgrdata dumps, and the possible usage of the dega thuring
Long ECM.

The needs of a quick and flexible simulator to tastl estimate the effects of Long ECMs and othessibte
manoeuvres evolved in a small project to develsipplified thermal model of the affected segmeimashe original
spacecraft thermal model as a baseline. Mathenhatidgphysical models developed in the early phatt®e mission
and instantiated in the ESATAN thermal simulatoowd therefore need further simplification and &d#pn to the
needs of the FOS operations team. This model wgmally used to design and validate the satetligrmal control
and to correlate the test results with numericallits and real telemetry. From this model, thertte¢modes and their
radiative and conductive couplings will be imported stored in a matrix data structure to lateateeover them and
to solve dynamically the thermal balance equatioring a theoretical Long ECM.

The selection of the simulation date was basecherntamperature profile on segment Al. The tempergiaak is
reached just before the eclipse season startspérb2th of November of 2021. This would be the daben the
manoeuvre would take place.
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Mathematically, the differential equation to beveal is the thermal balance in the segment. Appldiisgretization
techniques, the equation can be numerically soivedfinite number of points of the segment anchimbs map of
temperatures for each instant of the simulation.

€1 &

—=[6L1-T + [6R1 - T + 0

Where the [C], [GL] and [GR] are constant matriceg] its values are extracted from the correlagsshgptrical model
developed in ESATAN (Figure 12)
HUB Radiator ,

‘ <

Figure 12. ESATAN image of the simplified model

The main purpose of the Long ECM scenario is topiie spacecraft at a certain selected inertitiidé such that
the Sun will stay almost coplanar with the MIRASeama plane for several hours or even days. Bygithiat, the
solar radiation over Al radiators is cut down aedmnsent Al will be significantly cooled. In this altion, the
spacecraft is constantly pointing to the same i@erbordinates and rotating around Arm-A (spadéeid axis). This
situation can be reached if a certain inertial pogover the sky is selected such that the angterden Arm-A and
the Sun vector is close to zero. This type of iakpinting can be obtained in the same way asabNIR calibrations
currently performed in operations i.e., simple suaaft rotations around Arm-A (spacecraft +Z axi)r normal
calibration manoeuvres, the duration of the inkegwnting is rather short, 8 minutes and the Slawvaion can be
maintained very constantly during the whole inégieriod. In the case of a long calibration manaewand due to the
Earth translation movement around the Sun, theegmefiwveen Arm-A and the Sun will suffer from a d¢ans drift of
almost one degree per day. Nevertheless, thisalatrift will have a negligible influence on the Allermal stability
and its temperature evolution. That's the reason avfixed inertial pointing should be enough toiagh the cooling
goals of the manoeuvre.

After several simulations and correlations of tHaged model with real spacecraft telemetry, arétezal Long ECM
was simulated starting on the 12th of November 28200:00:00z with a duration of 24 consecutiverbdiigure
13). The required inertial pointing to hold the Sas1close as possible to zero degrees’ elevatiothaindate was
obtained solving the geometrical problem givenhmy/ormal vector plane and the sun vector.
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Figure 13. Temperature evolution in segment Al duringoag ECM

The simulation results show that the segment cagobked down in less than 2 hours and 10 minuteéfter that,
the MIRAS active thermal control switches back ad &eeps LICEF A04 temperature stable at 24 *Qufad®2 °C
average temperature for the rest of the segmeftgr the return manoeuvre, a new transient statealie place for
approximately 12 hours (around 7 orbits) and watiiew thermal equilibrium is again reached at 30&€it has
already been mentioned, while the spacecraft ieignlong “calibration” scenario, the transmissemtenna pointing
is constantly rotating and therefore its attitudiémot always be the right one to transmit Sciedata. The FOS model
also computes any suitableband pass where spacecraft orientation fits tijiet farth antenna position. For this
simulation, one pass over ESAC with an approxirdatation of 200 seconds, plus another one over BARD, of
490 seconds, will only be possible. Since MIRAS §d&emory is overwritten once every 26 hours andesite
duration of the long calibration for this simulatesse is of 24 hours, this guarantees that nowditbe lost. At the
same time, potential usability of the scientifidadén these conditions is uncertain, because pdytzznes will
constantly alternate from Earth to sky views.

On the other hand, the same simulator was usethtgse other possible manoeuvres, i.e., rotatiomsa the velocity
vector and changes in the roll angle. The reshitsvsthat the temperature decrease is proportiantilé change in
roll angle or the rotation around velocity vectal.the given scenarios achieve the target of caphl segment and
keep the segment between 24 °C to 25°C.

Even if the other three scenarios imply changesheninstrument configuration, they are easy to enmpnt from
payload point of view but not from platform sidendie rotations around either spacecraft velocitsteeor roll angle
seem both feasible and with similar thermal resé#ltaong all the possible rotations, the -10° ratatiooks a good
compromise but rotations around the velocity vecteem easier to implement from a platform pointviefw.
Nevertheless, long external calibration manoeukepsesent a simple and elegant solution whicheaséme time is
easy to implement from a platform point of view.
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Table 2. Summary of the different mitigation scenarios

GROUND
TEMP MIRAS OPS XBAND DATA
SEGMENT
MITIGATION RISK COVERAGE LOSS IMPACT
IMPACT
LONG ECM Medium High Low Medium High
ROLL ANGLE -5° None Low Low Low Medium
ROLL ANGLE -10° None | Medium | Low | Low ‘ High ‘
ROLL ANGLE -15° None High Low Medium High
VELOCITY VECTORR. -5° None Low Low Low Medium
VELOCITY VECTORR. -10° None | Medium | Low | Low ‘ High ‘
VELOCITY VECTORR. -15° None Medium Low Medium High
SWITCH OFF ARM-A None Too High High None Too High
7. Platform implications and risk mitigation analysis for ECMs
7.1 Preliminary analysis

As soon as the Long ECM was chosen as the bestdiptim payload and platform point of view, a fibsttch of tests
were performed at CNES with the “PRESTO” simulatoftware to have a first idea of the feasibilitytbé Long
ECM option.

Let’s first explain how the attitude measurememh&dle for Proteus satellites: the on-board attiegienation process
is based on a gyrostellar hybridization (Figure: 14)

1. Q_I_SL_updated() is the last known attitude quabern

2. Using gyrometers’s angular rates measurementsash&nown attitude quaternion is propagated to the
current time: Q_|_SL_est()

3. The Star Tracker (STR) estimates the satellitéudti quaternion, which is then also propagatetido t
current time using gyrometers’ measurements: Q_|n®tas_est()

4. The difference between the two quaternions Q_I_Si) and Q_|_SL_meas_est() is called innovation.
5. The innovation is compared to a threshold:

- If the innovation is below the threshold, the Kainfdter combines the two quaternions to compute th
final attitude quaternion at the current time: (BIL_updated(

- If the innovation is above the threshold, the quéte coming from the STR is discarded, and
Q_I_SL_updated(= Q_I_SL_est()

If no STR quaternion is available, the attitudprspagated using gyrometers’ angular rate measurteme
Q_I_SL_updated Propagate the last estimated Q_I_SL est
(t-1) quaternion using SL_rate (t:)

Gyro measurement

Gyro data processing Gom =
R HonZ 2 Computes x_Kalman= Q_I_SL_updated
E using _bl@; and SL _rate (tx) Innovation? < threshold ? |—»f Kalman gain * innovation —> (&)
misalignment

STR measurement

Propag. thequatemion Q_I_SL_meas_est
measurement using SL_rate. (tx)
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Figure 14. Simplified attitude estimation for PROTEUS satebi

Two main simulations have been performed:

(D) Case A: in order to perform exactly the same comteas it is done for a “usual” ECM manoeuver, the
Star Tracker is discarded during the whole manae(thus the AOCS control loop only relies on theogy
measurements)

(2) Case B: the Star Tracker is discarded only duttiegstews.

It has been shown that if the STR is discardedhdutie whole duration of the ECM, the STR doesconte back in
the AOCS loop at the end of the ECM because theviation of the Kalman filter is too high after afeays. In that
case, the pointing error at the end of the longitilom ECM was 33° in simulation A.

For simulation B, the STR measurements can beindbé AOCS control loop except during the time vehthe STR
is blinded when the Earth is in his Field of VieBut we confirmed that when the Field of View allows to track
stars again, the innovation is low enough aftes tean half of the orbit to lock the Kalman filteith the STR again.
Therefore, the pointing error between the targéude and the actual attitude remains low.

The conclusion of these first tests is that CagetBe preferred one: we need to keep the STR gltinminertial phase.
But this good result of case B has to be taken evathtion because the gyro performance in the storufaight not be
perfectly representative of gyro performances ai liée.

Indeed, as explained earlier, the gyro measurenagatssed to propagate the different quaterniorfisrtber dates.
Errors in the gyro measurements can introduce®imadhe propagation. The main error sources in gyeasurements
are drift and misalignment

In order to conclude on a long duration ECM, mamalgses were required from Thales Alenia Space {TiA®Sn
AOCS point of view but also on the different sulteyss of the satellite.

7.2 THALES ALENIA SPACE studies
7.21 AOCS

As mentioned just above, the key parameters for 8@Cbe simulated are the gyro drifts and misalignts.
TAS gave to CNES a set of parameters, allowingnukte the gyro behaviour in PRESTO using two ansi

1) One with “realistic” gyro drift and misalignment, order to be as representative of the real s&telt
possible
2) One with “robust” gyro drift and misalignment, inder to take margins with respect to the represieeta

option and verify that even in that case, the AGELSill performing well

Two new simulations made then at CNES with PRESii@ilsitor showed good performances of the AOCS loop
both cases: after each blind of the STR by thehE#ne innovation was low enough to re-lock the AZJGop, and
the satellite attitude was still well pointing inder to ensure that the arm was still cooling.

In order to strengthen the conclusion, THALES ALBNBPACE also made some calculations of order ofrnitade,
and used an AOCS tool called PASIFAE that showenilai results.

7.2.2 Thermics

For a Long ECM, we had to study if a thermal FDRRi{ure Detection Isolation and Recovery) couldger and if
the heating power was enough for the Platform.

The idea is to start off with the current temperegiof the Platform in a “NOM” attitude, and thereixtrapolate what
would be the situation in the “Long ECM” attitudmnsidering a linear ageing of the thermal perforces in the next
10 years.

Actually, we saw that if the arm of the Payload twabe in the Solar plane, two configurations arssible:

Either +Ys is in the direction of the Sun, eith#is-s in the direction of the Sun (Figure 15).
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Figure 15. Satellite axes for the two optionef: +Ys towards the Sumight: —Ys towards the Sun)

The analysis made by THALES ALENIA SPACE showed thaYs is in the direction of the Sun, the gyle@ronics
could reach the FDIR threshold, so that this opiomot recommended.

For the —Ys option, the temperature of the platfoould increase by a maximum of 3°C, which is ataigle, without
using more heating power.

7.2.3 Power

SMOSuses two solar panels giving a maximum of mora th&W. After more than 10 years in orbit, the s@anels
have been nominally degraded, as well as the pattgracity.

Then we need to know if the available power wowdcebough for the Long ECM. The battery capacityoiscritical

since the Long ECM happens at the beginning atiieaénd of the eclipse period.

We have just seen that the heating power wouldinange. For the Payload, ESAC analysed the povesisnduring
the Long ECM.

Assuming Platform and Payload consumptions, anBower subsystem failure in the next years, the pdudget
analysis shows that the predicted available powsettie Long ECM, is greater than the maximum totsd, even in
case of 1 string loss and until end of life.

7.3 CNES add-on studies
7.3.1 Moon in the FOV of the STR during the inertial phas

In theory, if we are unlucky, the Moon could erttex STR Field of View during the inertial phasdiué Long ECM.

The specification of the STR states the STR is sbtmthe Moon in the Field of View. But the badwsds that even
if the STR still provides attitude determinatiome tOBSW can discard the STR if it is using less thatars or if the
innovation threshold is triggered...

A first idea was to take advantage of the fact thvat opposite attitudes are possible for the Lo@iV/E It means that
if the Moon is in the Field of View of the Star Eker for a first attitude option, another configioa is available!

But the bad news came when the thermal expert ieguldhat the option +Ys towards the Sun was ngdopossible
as explained in the previous chapter... we hathtbdnother solution!

The question was then to determine whe®OScan rely on gyro-only configuration while the STRdiscarded
because of the Moon. During the Long ECM, the woeste configuration is as follows: the Moon takBsdays to

perform one orbit around the Earth (360°), henceingat 12.9° per day. If the Moon is in a veryongenient place
w.r.t the STR field-of-view, by considering a prctien angle of 13,5°, it could bother the STR f@rdays. An analysis
has been made by THALES ALENIA SPACE to see ifdgii®-only could stand that duration. The conclusgthat

we could reach in a worst case 11.2° depointingchvis assessed to be too high for the operation.

Finally, a theoretical study has been performedb§eS to see if the Moon could be in the FOV of 81&R during

the potential future ECM in November and Januarghbws that with a 13.5° protection angle, theoaild be no

problem at least for the next 10 years (Figure 16).
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Figure 16. Protection angle between the STR and the Moorsidering an inertial attitude as defined foL@ng
ECM. Red dots correspond to November and January teteong ECM all red dots are above the 13.5° threshold

7.3.2 GPS Satellites visibility

The GPS receiver is connected to two antennaspaadf the two is always facing the opposite of Haeth. But
because of the inertial attitude of the Long ECiM, humber of GPS satellites in visibility will dease.

An analysis has been made to show that the two RI3E to monitor the GPS receiver should not triggeominal
situations.

But we observe for a few years a degradation of3R& availability, probably due to jamming over Mst. If this
jamming increases with years, there could be atdskigger one of the FDIR and to transition tlzedlite in a
degraded mode (REDUCED mode, which means the GR&l@nger in the time loop). In that case, siree is no
important time accuracy needs (no mission in preg)rghe idea is to stay in this REDUCED mode, @pidad a time
offset during open hours/working days (the on-baasdillator drifts of a few seconds per day) andbgok to CC
NOMINAL mode after the end of the Long ECM.

7.3.3 TMTC Link

In nominal pointing, the tw& band antennas are masked by the arms (Figure 17).
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Figure 17.SMOSpayload mask for th® band antennas

Before launch, a specific analysis has been madeddf the satellite could face some link intetimps because of
the arms of the payload that decreases the Sigridbise Ratio. With respect to these analyses rattae launch,
we now use only MUM ground antennas with much higiaéns. And also, during the ECM, the positionh&fS band
antennas is different wrt the arms leading to #ut that half of the orbit will be more favouraklace we would have
no masking. Finally, an analysis has been madenbRR expert and confirms we will have no TMTC peohl
Regarding the polarisation, it should not reallamge between a nominal pointing and an ECM pointitgce the
antennas are on +Z and —Zs walls, and an ECMatation around the Z axis. The files generate@tdte polarisation
used (right or left) are independent from the it

7.3.4 Risk Mitigation Maneuver (RMM) during Long ECM

Once the long ECM is agreed and demonstrated leasilmew issue arises. A collision risk can apjedzr SMOS
has started its inertial pointing phase. The Agti¢lof the French Space Act enforces satelliteaipes to prevent, as
much as possible, any collision in orbit. The I0BGM is a controlled phase, hence declarBigOSa non-
maneuverable object during such operation is nssipte. For this reason, the CNES must be abletfmpn a risk
mitigation manoeuvre at any moment in the inegihting.

The Flight Dynamic Software, also known as G2his tore element that computes orbit manoeuvresatitdde
guidance. However, an ECM usually lasts for onlystef minutes, thus, there is no reason to intelitup regular
operations. Actually, the software is not even giesd to abort such guidance; it is only able toaesnit entirely.
Trying to cancel an ongoing long ECM with regulalision risk management procedure results in agfrsatellite-
ground inconsistency leading to a fall into Safedédefore any orbital manoeuvre can be performetbrtiinately,
the software is also too old and critical to agkdioy evolution.

The Operational Flight Dynamic Team addressedd$ee by elaborating different ways to perform fa mutigation
manoeuvre in long ECM. As an example, a solutioplied to change the generation of the ECM guidatsmsf:
instead of creating one long inertial guidance esalvsmaller ones could be created. In that v@&yOSreaches
nominal guidance multiple times which gives oppoities to cancel the remainder of the inertial ghaoperly and
execute an orbit manoeuvre. This solution was ppt@ved; it requires too many manual and error-goactions to
create a relevant chain of smaller ECM to addressyethermal, attitude control, collision risk mgeanent and
chronology problems.

Finally, a trade-off between satellite safety apeérability left one solution to realise the risktiggtion manoeuvre.
It consists in a manual overwrite of the G2 comnsaindorder to bringgMOSinto a nominal pointing mode and then
perform the orbit manoeuvre. Even though the seeajround consistency is broken, the resultiniguaté error in the
commands remains handled 8MOS Flight Software. A worst-case simulation on PREBSSimulator proved the
procedure successful (Figure 18). Moreover, theeiolesl attitude error was close enough to the egpecalue to
show it is understood and mastered.
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Figure 18.PRESTO, worst-caskpng ECMabort test: attitude error telemetry (degreesg inlrtial pointing, manual
interruption, occurs 01 FEB 2022 23:00:00. Nomopatance is restored at 23:17:30

This new risk mitigation procedure not only alloachieving an orbit manoeuvre in a long ECM, it ajsantsSMOS
to be back in inertial, thermally safe, pointinddre the ARM-A reaches hazardous temperatures yEaggect of this
late issue is then coped with, and the whole lo8¢IEperation can be approved. Flight Dynamics pilaces were
updated with this method and members of the teamtrain to be able to execute it when it will becassary.

7.3.5 Sequence Plan

Finally, after all the studies, we are very confidef the feasibility of the Long ECM.

The point is that the first Long ECM could be danemaybe 5 or 10 years, meaning that we could fohgev to
proceed! Also, the people who analysed this LonylE@ight change jobs, that is why we thought it \agsriority to
sum-up all the activities to be done before, duend after the Long ECM in a document.

To do so, CNES wrote together with ESA FOS a documamed “Long ECM Sequence Plan” or SPL, to dbscri
- The criteria to decide if we need to perform a L&M

- The different files to be used to compute the LEGM

- All checks to be done (gyro performances assessteenperatures) before the Long ECM
- The trainings of the Flight Control Team to do refm case of contingency or a RMM

- The management of tt&band passes booking

- The expected alarms

8. Conclusions

We have introduced theMOSmission for Earth observation, described its plaitf and single instrument concept
(MIRAS), and its joint operation by CNES and ESArther we analysed the thermal anomaly that ocdurr@015,
affecting the duty cycle of segment Al of the MIRASenna, as well as an array of potential mitigasicenarios.
These scenarios were assessed, and an optimabedetected. At the end of the process, CNES &3 teams,
with support from industry partners, have demonstraeadiness to protect the payload during ctjtteaperature-
rising periods. We have not yet executed the seaddlLong ECM manoeuvre, but are now fully prepared should the
need arise.

The major issue we have faced with this anomalytivagact that expertise was not readily availaédeit had by now
moved to other projects or even retired. Teamstbad-learn how to utilise tools and understandhwain elevated
level of detall, the rationale of the design behihne system as a whole. In addition, modifying gheund segment
software was prohibitively impossible. That is wiwe solved the challenge by employing an alreadgtieg
manoeuvre (i.e., ECM) and altered it to answerptteblem.

The rapid and agile development of ad hoc paylbadwal and downlink models (unavailable when w& fiame to
face the new anomaly) allowed the operational teanascurately simulate various scenarios. And,ttveswere able
to select the most suitable set-up and attitudesadiling the ones not fulfilling the operationatigrayload safety
requirements. These developments necessitatedysaaeaptability from all the teams and showcasedettezllent
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cooperation between the two space agencies. Theowd#ach a common goal substantially contributetthe success
of the study and is permitting for a maximal missaxtension to be considered. The scientific conityiras become
appreciative of these efforts, 8M0OSdata are being used worldwide very successfuligl, rgo follow-up mission is
currently foreseen.
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