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The micro-satellite TET-1 carries several technologexperiments. It is the first in a series
offering the possibility of in-orbit verification of new equipment made in Germany by the
industrial and scientific aerospace community. TET: was launched 22nd July 2012 and is
operated by the German Space Operations Center.

Attitude and attitude control is influenced by seveal of the experiments. Special attitude
control modes are required for a number of experimats in order to point the satellite in a
prescribed direction or to a specific location on Brth. These comprise an experiment with
three infra-red cameras, a pico thruster and finaly a new type S-band transponder. The Li
Polymer battery was not expected to have any effecn attitude control. However, it was
discovered that charging and discharging the batter disturbs the magnetic field sensors,
thus a different approach to attitude control is required when it is in use. Implementation of
and special demands on the attitude control systefor these experiments will be presented.

The mission is experimental with high demands on th attitude control system. The
envisaged duration was one year only with a possiblprolongation of a further year.
Components were therefore not chosen for longevityHowever, the actual amount of
disruptions due to sensor and/or actuator outages nd due to idiosyncrasies in the
spacecrafts thermal budget was higher than expectedThe ensuing challenges for the
attitude control system will be discussed.

A software upload in May 2013 mitigated several ofhe issues addressed above. The
improvements in the software and autonomous on-bodrreactions will be presented in the
final Section together with some recommendations fathe follow-on missions TET-2 and
BIROS.

[. Introduction

THE first Section gives a short overview of the TETiksion, the payload experiments which were peréatin
the first year, and their impact on attitude cohntidthe German Technology Experiment Carrier TET-dsw
successfully launched on"®2uly 2012 and marks the first mission within th@\D(on-orbit verification) program.
The eleven payloads on board were tested in a spradenment over a one-year period untif'¥lctober 2013.
The mission now continues under the name “Firebpritharily making IR images of the Earth.

A. The TET-1 mission

The primary goal of the mission is to offer a phatfi for the verification of eleven experiments (&erman and
one Dutch) in low Earth orbit. The payload comisenong others a new kind of solar cells, new batteand a
new GPS receiver type. The orbit is Sun-synchromatis a height of 523 km and a resulting orbitafipe of 96
minutes. The bus is based upon the one used fabBlghich has already been verified in orbit.
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Figure 1. TET-1 design.View of the TET-1 satellite. Shown are the differeegments of the spacecraft, the
arrangement of payloads and antennae, as well @dlight direction. The solar arrays are seen frtra back.

The attitude control system (ACS) itself is veryesific because it has to meet several requiremtiatisare
coming from the different experiments. For examplET-1 has no standard operational mode but ushstiact
attitude mode for each experiment.

The preferred ACS mode during the first year ofrapens was Sun Pointing Fix Mode (SPFMJhe Sun
Pointing Rotate Mode (SPRMpad to be used due to thermal issues for a lotegtmperiod. The Earth pointing
mode (EPM) must be commanded for ground station contacts wiemigh gain antenna is required. EPM is not
necessary if downlink with low-rate is enough.

B. Attitude information
Because TET-1 has no orbit control, the determonaéind control of the attitude came into main focllsere
are five types of sensors with high redundancy oarth for attitude determination on TET-1:
» Star Trackers (with 2 Camera Head Units (CHU))
¢ Inertial Measurement Units (IMU)
¢ Coarse Sun Sensors (CSS)
* Magnetic Field Sensors (MFS)
» Global Positioning System (GPS) receivers
The following actuators are available for attituatrol:
» four Reaction Wheels (RW)
« Magnetic Coil System (MC$)
The Star Trackers can determine the attitude nomstrately. An accuracy of 1 arcmin can be achievitd one
camera, 30 arcsec if both cameras deliver valid.d&te aberration correction derived from the GB&@& émproves
these values by up to 29 arcsec. The attitude lsanba estimated from the last valid measuremeahttla® rotation

& xsaraxis points in flight direction, sz towards the Sun
b -Zsatpoints towards the Sun, rotation around the Swtove
¢ Nadir Ponting mode:szpointingtowards Nadir, yraxis perpendicular to orbital plane
4 The MCS was originally foreseen for wheel desatomeonly. The S/W update (see chapter 11I-D) meueMCS
available as actuator for attitude control durirgASafe Mode.
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rate derived from IMU, if both cameras deliver ih@aor no data. This is only done for <200 min &ese the drift
of the IMU is 1 °/.

The attitude can still be determined if only datanf CSS and/or MFS are available for attitude deit@ation.
The Sun and magnetic field vector are determinethbyOn-board Navigation system (ONS) model andpzoed
with the measured values. The model has a variah6e3° and a maximum error of 0’8ompared to measured
values.

C. Payload

All experiments and their requirements on the ACS summarily described in Table 1. Figure 2 shoes t
location of the experiments in the spacecraft. Arendetailed description of three interesting experits has
already been presented in Ref. 2. Neverthelesse soflaience ACS routine and contingency operatidieese are
the Li-Polymer battery (N1), the pico propulsiorstgm (N7), the infrared camera (N15) and KERAMISL8N
These examples were chosen because their requiteersh operational impacts on the ACS are divensenaost
stringent.

Payload Name ’ Description ‘ Requirements on the ACS

N1: Li-Polymer Battery Charge and discharge cytbes| - Measurements must be it}
investigate behavior Sun pointing fix mode
(SPFM)
- No magnetorquer
commanding
N2: Flexible thin layer solar Measure performance - Sun pointing
cells
N6: Sensor bus system and | Verification of application - None
current drain capability of a sensor bus
system. The current drain
works as a variable electrical
load for the experimental sola
cells (N2, N8 and N9).
N7: Pico propulsion system New kind of propellaygtem - No active attitude control

during experiments in
order to measure effects
on ACS (Suspend mode)
N8: Next generation solar cells  Improve calibrasi@gainst - Sun pointing

specific atmospheric condition
and derive solar cell
degradation due to UV and
particle radiation

o

N9: Next generation solar cells Test performance, solar cells | - Measurements must be irj
(by ASTRIUM) are integrated in the solar Sun pointing fix mode
generator and deliver power tg (SPFM)
the bus when running
N15: IR camera Set of three cameras to detect-  Earth or target pointing
high temperature events like mode (EPM/TPM)
forest fires
N16: Secondary frequency GBS Precise orbit detetimimand | - Forward or backward
Earth limb sounding flight direction
measurements - Earth pointing mode
(EPM)
N17: HW BOSS New kind of H/W Operating | - none
system
N18: KERAMIS Three experiments to test new -  Target pointing mode
satellite to ground (TPM)
3
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communication modules

(receiver, transmitter)

N19: Memory orbit radiation | Investigate impact of radiation| - none
Experiment on memory units

Table 1. List of experiments.A short description of the purpose of each expeninis given in column two, the
requirements for ACS in column three.

LA N4 GPS antenna N1 Radiator
Secondary
Frequency GPS

N6 Sensor Bus

N7 Microjet

N16
GPS antenna

N18 KERAMIS

N18 Antenna

N4 Multi-
frequency GPS

N15 IR Camera

Figure 2. Payload arrangementView of the payload segment and the locationféérmdint experiments. The image
on the left-hand side still shows one experimerithvtvas eliminated during the mission preparatidid (— Multi
frequency GPS). The three black cylinders on tteklséde of the satellite are the baffles of thecéiera (N15).
The sensor bus (N6) and the GPS experiment (NXS)yremunted on top of the spacecraft. On the sideGiR8
antenna (N16) and the Li-Polymer battery (N1) aissble. The KERAMIS payload (N18) is mounted alibeelR
camera. On the right-hand side the radiator of Hattery (N1) on top of the GPS payload, the KERAMit&nna,

and the Microjet propulsion system (N7) can be sbkn visible in this picture are the three solallexperiments
(N2, N8, N9), which are located on the front sitte HW BOSS (N17) and the mass memory (N19). A shor
description of the experiments is given in Table 1.

II. Observations of interactions between ACS and expemnients

A. N1 Li-Polymer battery

The battery was charged or discharged and parasnsteh as charge current, voltage and temperatere w
recorded. Charging is of course only possible duphases with sunlight.

The measurements of the magnetometer (especiabetbf MFS2) are disturbed by this experiment. This
because a dipole moment is generated within thioadyduring charging or discharging. Battery operat have a
high load on the spacecrafts power system. Thexgtbe Sun-pointing mode SPFM is prescribed. Is thode the
star cameras provide the attitude measurementtesdisturbances on the MFS have no impact on ttiiteicke
determination. During LEOP it was tested whethés@$ measured on ground can be measured in spaeeffect
of the magnetic dipole generated by the payloatehabn MFS1 can be seen in Figure 3, the effecM&1%2 in
Figure 4.

The analysis shows that MFSL1 is not noticeablycadid A small jump is seen when charging startsstops. A
different behavior is observed for MFS2, which isunted closer to the payload battery. The inducedhant
disturbs the measurements of the magnetic fielthefEarth during the entire period of battery operns. An
autonomous switch from the measured data to theehuddhe magnetic field is made after about fivieutes. The
magnetic field vector, determined by the MFS, dded during battery charge or discharge procedimagrtheless
the ACS is still compliant with the requireméhts

¢ The ACS usually uses the model based magnetit Viettor instead of the vector derived from the sneed data
for attitude control. The latter is only used fafety checks. If the vectors differ more than 5% algorithm will
allocate the error to the model and will deactivéiee use of the model. The magnetic field vectaived from the
data of the magnetometers will be used.
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Effect of the payload battery on the magnetic fieldsensor
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Figure 3. Effect of payload battery on magnetometefl (DoY207, 2012)The charge current (blue line, axis on
the left-hand side) of the payload battery indisatke N1 switch-on and switch-off. The time denrest of the
measured magnetic field vector and of the estimatagnetic field vector are displayed in red andegréaxis on
the right-hand side). The latter is calculated bg £stimator module and is used by the ACS software

The magnetic field vector is also used as inputréarction wheels desaturation using the magnetosqiée
MCS is taken out of the control loop during thipexment in order to avoid erroneous commanding.
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Figure 4. Effect of payload battery on magnetomete2 (DoY208, 2012)The charge current (blue line, axis on
the left-hand side) of the payload battery indisatke N1 switch-on and switch-off. The time denest of the
measured and estimated magnetic field vectors laoevs as red and green lines, respectively (scal¢herright-
hand side).

B. N7 Pico propulsion system

The pico propulsion system is based upon the RefEsiactuation principfe It contains a propellant system from
which the working fluid is led into an evaporatichamber via a propulsion feed system. It is hedlede,
evaporates and then escapes through a nozzle hisds bpened.

The torque from a 1 sec. pulse<50 Nm. Measurements with the star cameras aretosgetermine the effect
on the attitude. The Suspend Mode is needed fagrerpnts with the pico propulsion system. All AGShsors are
used but no actuators will be commanded.

There were two operational scenarios: one in whhehpico thrusters were switched on for about twoutes
only in order to perform a health check and a sdagere the thruster were also allowed to firés hot possible to
command the start of the pulsing by command, bectiis is governed by temperature.

Scenario two was tested 13 times. Pico propulsias activated either for 14 or 22 minutes. In otdeneet the
requirements no torques are commanded to the oeastieels and wheel desaturation is also disaldedrtining
that only the pico thrusters influence the attitutlee accumulated thrust duration was approximatetyinutes in
the 14 min. and 12 minutes in the 22 min. experim@maximum of 0.725 rpm rotation rate around $1€ z-axis
was observed in the first experiment, which is edusy a mean acceleration of 0.018 °/s? and amndétichange of

5
SpaceOps 2014; Pasadena, California — May 05 - 09



123.56° (again around the z-axis of the S/C) (sigeire 5). At the end of the 22 min. experiment Tiwas
accelerated to a mean rotation rate of 1.6 rpmratdlie z-axis of the S/C.
The pico thruster can thus easily control theuwatétof a 100 to 150 Rgatellite.

Satellite rotation rates during N7 experiment
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Figure 5. N7 experiment on DoY172, 2013 he experiment started at 07:29. TET-1 was comnshintte SPM.
Around 07:40 N7 was heated up enough to start artmus pulsing. After 4 minutes N7 was switchedradf TET
was commanded to nominal attitude mode SPFM. ldest@round 5 minutes to slew back and to compenbkite
deviation.

C. N15 Infrared camera

This experiment comprises three cameras to deigbt tbmperature events on the Earth, e.g. foress for
volcanic activity. There are two IR cameras (nedrared) and one optical cameiRrocessing is done directly
within the NVS (German abbreviation for payload @ypsystem). This is possible because the NVS gkis
attitude information from the ACS. It might be nssary to reconfigure the mass memory for data géora
depending on the scenery that has to be observed.

The experiment was designed to match the TET diatiations from this Sun-synchronous orbit (SS€juce
the amount of interesting objects; a higher alétagtanges the ground resolution and therewith exidata quality
in comparison to BIRD 3-axis stabilization with nadir pointing is nesasy for imaging. It is possible to rotate the
satellite by +/- 30 degree to enlarge the areargbde

Pointing stability of EPM (+18° offset around roll-axis)
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Figure 6. Stability of the spacecraft during NadirPointing. One example of a N15 data take: the rate errors in
EPM is shown. Once TET-1 reaches nadir pointingstadility remains below 1.7 arcmin/s during the sL6f the
data take.

This experiment is essential for the upcoming gtfierDLR Earth observation mission “FireBird” inhich TET-1
and BIROS (launch planned 2015) will form the spsegment. The attitude stability of the commandeiditing

" Satellite launched in 2081
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during an N15 data take is displayed in Figure IBe Pointing meets the required stabffityThus the Firebird
mission can be supported without any restrictions.

D. N18 KERAMIS

KERAMIS comprises three experiments probing nevinégpes and modules for data transmission in the Ka
band. Among others, high-frequency modules forgmgission and reception in the Ka-band have beelifigdefor
use in space. An S-band transponder was usedbiedieectional transmission of measurement data.

The experiment serves as a transponder providingndpdown-link. Target pointing Mode (TPM) was negd
for the transmission. A constant signal from theumd station in Weilheim (WHM) was transmitted he tsatellite.
Some TET-1 contacts over WHM were used for thiseexpent and normal up-and down-link had to be sudeé
during this experiment. No real time monitoring vgassible.

lll.  Challenges for ACS

A. Data from reaction wheels flagged unhealthy

On TET-1 four RW 90-2 “smart” wheels of the Germmanufacturer Astro- Feinwerktechnik Adlershof GmbH
are used. They are mounted in a triangular pyramidiguration.

Several issues with the reaction wheels were a mpagint of concern to ACS during the first year.eTh
communication between the ACS software thread hadRWSs was interrupted several times because whests
flagged “unhealthy”. The first response was a posyete by switching the relay of the correspondivtgeel off and
on again. No particular wheel could be identifiedtfae root cause of the problem because each dbtinevheels
was delivering invalid data for roughly the samepant of time.

Detailed analysis identified two possible causegtie unhealthy data. The smart wheels are designeld that
a reset occurs autonomously if an inconsistenagdésgnized. In this case an internal counter inergsby one
step for each occurence. Data will be flagged ultime# the counter exceeds 20. It was not possiblesproduce
this behavior and the large amount of reboots o, so the most likely explanation is an effddhe radiation
in space, although no correlation with space weatlas found.

It is possible to restart the wheels not only byaaver cycle (relay switching) but also by perforgia soft
reboot. The latter would have solved the contingedescribed above and would have been better fer th
operational lifetime than the actually commandedaverocycles. It also was decided to reset the ertomter
weekly.

The second cause could be a freeze of the RW’sproeessing unit (CPU). Again this behavior had lvextn
observed in pre-launch tests and it was tried wessfully to reproduce it. It is most likely caudmdradiation as
well, although no direct correlation with tests asmhce weather could be found. A soft reset doéesaolue the
problem and only a power-cycle brings back the Wwinde control loop.

The two different failure cases cannot be distisged in the telemetry. Thus a power cycle was come in
all fourteen cases that occurred so far.

RW speed in the four- and three-wheel configurations

g N
£ 1000
E LAY/
8 0 - - = ]
a “i HI‘(’I
$ -1000 v/ I 1
=
2
-2000 . . : : . . . .
16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 00:00
Time [hh:ss]
e R\N/ ] e R\\/2 RW3 e RW4

Figure 7. Wheel speed in the four- and three-wheetonfigurations. RW3 was isolated around 20:00,
commanded torque dropped to zero and its speedineshaonstant (green line). Attitude control waketa over by
RW1, RW2 and RW4 in a three-wheel configuratiomlifgato higher load and higher amplitude in the whe
speeds.
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B. IMU outages

The IMU stopped delivering valid data for more tHe hours six times during the past year. BothUH#l and
IMU-2 had three outages each. Two times a dropafie $1ode followed because of low battery power tlu¢he
ensuing attitude deviations. The problem could gbvhe mitigated by commanding a power cycle (of the
hardware).

An IMU outage has severe consequences on thedsatitantrol. There are two IMUs on-board, but they a
operated in cold redundancy. This means that ackwit a restart has to be commanded unless thefldata
resumes by itself. Until then the ACS will use datmn rate derived from (in sequence of prefereand/or
accuracy)

1. the star trackers,

2. Sun sensor and magnetometer data combined,

3. the magnetic field measurements,

4. Sun sensor data.
The rates as determined from the star tracker fniates are just as accurate as the ones derivedthie IMU. In
this case TET-1 fulfills the OOV requirements withcany constraint. A combination of data from Sumd a
magnetometer is the second best solution. The acguhowever, is so much lower that experiment$ flcN15
are influenced negatively. In eclipse only the tiota rate derived from the magnetic field measunsimds
available. The time derivative of all three computseof the magnetic field vector can be determitmlvever, the
accuracy of each of the three axes is very diffedeie to the orientation of the satellite with respto the magnetic
field. As a consequence the attitude errors carease from 30° during phases with sunlight to li8clipse (see
Figure 8).

The IMU outages could have two possible causes:

1. Afreeze of the IMU

2. Alink problem between IMU and ACS

Tests and analyses did not provide any exhaustipkaeation for the outages.

Introducing an additional FDIR (Fault Detectiomglktion and Recovery) mechanism reduced the coesegs
and operational effort necessary after an IMU oeitdgsimply switches the relay autonomously offlam again
when communication between ACS and IMU is interedpisee chapter I1I-D).

IMU outage on DOY12276
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Figure 8. Attitude deviations during one of the outges of IMU-1.Attitude€® deviations increased fronY ® 180°
due to the outage. In this case the rates wergméted from Sun sensor and magnetometer data. dise is seen
to increase by a factor of 100 during eclipses wehanly magnetometer data can be usedhis instance there was
no information from the star trackers due to blimgliand too high rotation rates of the satellite.

C. Loss of one RW
The increased operational load due to outagesaotiom wheels and/or IMUs resulted in the loss W{IRon the
222" day of the mission. Since then TET-1 is flyingtwét three-wheel configuration.

9 Commanded attitude mode in this instance was S®FMa bias of 30° in pitch.
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An IMU outage occurred at a moment that the sétellias in Sun Pointing Rotate Mode (SPRMpne hour and
ten minutes later all four RWs were isolated by &@S. The RWs were rebooted all at once by the nami
procedure (power cycle) five times. However, atheaext contact they were again not used by the AR&Bovery
was only achieved by rebooting the reaction wh&el3 and 4. This strongly suggests that the rouseaf the
problem lies with RW1. Following analysis showedtth was irretrievably lost.

The high attitude deviations due to the IMU outageised not only high loads on the actuators but als
temperatures increasing up to 95 °C on the reautlugel bus. There are thermal cutbéfmbedded into the wheels.
Because the temperature of the whole system hegtettie threshold of the fuse of RW1 decreasednthath, that
the amount of current flow needed to operate theelhriggered the fuse. This led to a collapse h#f t
communication interface of the whole wheel bus anadutage of all four wheels.

Lowering the temperature of RW1 would have incrdafiee threshold of the fuse again. But the high
temperatures were not visible the TM available to the operations team.

In this critical phase an EEPROM read error ocalirethe internal processor of RW1. It continuedriimy
with firmware default values. It continued usingsle obsolete values for the field orientation afteras taken back
into the ACS loopk which results in a very higheidlurrent. This led to increasing temperatureshefrmotor and
caused damage to the isolation of the winding. Tbesequence was a short circuit in the winding,citis
irreversible. Thus reaction wheel 1 is definitedgt

D. Mitigation measures
A software upgrade was installed off Blay 2013, the prime incentive being an improvedEBunctionality.
The main points were:

e The internal error counter of the RWs will be setzéro if no error occurred over the last two hours
Resets of the counter are logged. This new feataseimplemented in order to mitigate the operationa
effects of the events described in chapter IlI-A.

e« The ACS is now capable to restart autonomouslysumjta power cycle if the communication to these
is interrupted. The new FDIR was designed an autmus power cycle can be defined by a new
command for the units described in Table 2. It &ilwits the overall maximum number of reboots. The
new concept safeguards against RW errors as deddritchapter IlI-A.

Unit | Trigger | Persistence | In ACS loop
IMU No data 5 sec No

RW Isolation by ACS - No

MCS | No communication| 10 sec Yes

MFS No communication| 10 sec No

Table 2. Units that are allowed reboot autonomously

e |If there is a non-nominal RW mode after switch-tims wheel will be excluded from the control loop
but telemetry will still be available. It is not ggible any more for ACS to overwrite the interrtaktiss
of the wheel, as was the case in the previous softwThe monitoring of the RW status after the
switch-on is important. Failure in monitoring itoskely was one of the causes that led to the loss of
RW1.

« A safe mode using the magnetic torque rods as dleeactuators was designed, which will be used
automatically when one of the remaining wheelgstaaving problems.

" During the Sun Pointing Rotate Mode the Star Teaslare pointing towards the Earth and thus arsabia for
most of the orbit.
' The Threshold of the fuse is temperature depenfledncreasing temperature lowers the thresholtheffuse.
Current is not interrupted immediately when thesiold is reached but after a persistency.
I The default temperature limit stored in the firmevas 100 °C instead of the 80 °C written in thePREOM.
¥ There was no explicit monitoring of the statudided in the nominal flight procedure for restagtiof the RWs.
With this procedure the wheels were set into ussadly shortly after a power cycle. Thus the ACSvearfe could
not recognize that there possibly was an EEPROM exgor and a failure mode. It just sent the faentrol
commands to the wheels overruling the failure ngssa
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< If the rotation rates of the satellite are derifiemn magnetic field measurements only (see Sedt)pn
the ACS control will be suspended completely. TRBIR was developed to reduce the load on the
RWs if the rates are poorly determined.

V. Conclusions

The TET-1 OOV mission is a success despite somersahallenges to the ACS. The definite loss of Rié
was caused by a fatal chain of events. The theprallems of the bus and the ensuing non-nominatatipas
resulted in a poor determination of the attitudeclwhin turn increased the load and temperaturéhefactuators
leading to outages and errors.

New FDIRS were implemented to safely continue thission with three reaction wheels only. Board-
autonomous responses improved the robustness oatmpes and eliminated payload interruptions caubgd
outages of ACS units.

TET-1 was an experimental mission with high demamshe attitude control system. The envisagediariss
duration was one year only with a possible proldiogeof a further year. Components were therefatechosen for
longevity. However, the actual amount of disrupgialue to IMU and/or RW outages was higher than eeple

Experience is useful and transferable for followimgssions such as BIROS that will be launched iA520
Problems caused by the design cannot be repairidhih It was shown that more information on #tatus of the
ACS and its units is useful to diagnose contingem@arlier and to handle them better. This infd kel available
indeed in the upcoming BIROS mission.
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