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Abstract

This paper presents one main characteristic ofntbttiple-head CMOS sensor based Star Tracker,
HYDRA from Sodern: the field-of-view fusion. Afterxplaining this concept, the paper presents the
validation of multi-head management during nighy sists, performed during Hydra qualification.
Then results from the star tracker on-board SPCHpécecraft from Astrium are presented and
successfully compared to predicted performancesgl&ihead performances and fused quaternion
performances are evaluated by PSD calculation sytiting into the different frequency classes and
fit very well simulated values. Paper ends witleirtead matrices in-flight calibration and blinded
heads management, both compliant with expectedviimira

1. Introduction

1.1 Spot-6 mission overview

Sodern’s HYDRA multi-head star tracker has achiel@l -9, having been launched success-fully abohed t
French Spot-6 Earth observation satellite on Sejpderi, 2012. Spot-6 satellite will be joined in485-mile (700-
kilometer) polar low-Earth orbit by the identicgh@® 7 to be launched in late 2013. Astrium Servitas financed
the Spot-6 and Spot-7 project aimed at forming mroercial Earth-imaging satellite constellation. Bshtellites
will be phased at 180° in the same orbit as thendirePleiades constellation (Sun synchronous quaai-prbit).
The Spot-6 satellite is the first model of the newleveloped ASTROBUS 250 platform by Astrium. The
architecture of this platform is close to thatlod Pleiades satellites. Spot-6 and Spot-7 inclade ¢ontrol moment
gyroscopes, a fibre-optic gyroscope and the HYDR®&¢ head 3-axis star tracker.

1.2 Star tracker overview

HYDRA is the multiple head CMOS Active Pixel SengdPS) star tracker developed by Sodern and coddrixy
CNES (French Space Agency), DGA (French DefenseuPement Agency) and ESA (European Space Agency).
This paper presents results from the Spot-6 HYDRWorbit performance. The Spot-6 HYDRA configuration
comprises three Optical Heads (OH) with 28° Surweskan angle baffles and two Electronic Units (Bb)achieve
redundancy. The Star Tracker (STR) operates at Mitlz measurements and quaternion delivery both6itz;
actually HYDRA can deliver quaternion at a ratetap30Hz which is a large step ahead compared ter aitar
trackers which operate at 10Hz maximum. The mut¢h design allows delivery to the AOCS three irdliai
guaternions corresponding to each OH and base® stats each, and a fused quaternion based orfudada of the

3 OH Fields Of View (FOV). This is the first staatker that performs such on board data fusiogoéts further than
the usual Optical Head quaternion fusion sinceftised solution is based on the 45 stars availabtee 3 FOVs.
The 3 OHs are mounted on the spacecraft in an alontieogonal configuration (each Line of Sight ithogonal to
the two others, as shown in figure 1) which allothe best performance (the fused quaternion hassdinee
performance on each axis) and the highest avatlalguaternion delivery is maintained even if ddkl is blinded
by the Sun and one is occulted by the Earth).
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Figure 1: View of the Spot-6 satellite.

2. FOV fusion
2.1 Single FOV concept

A single FOV concept is used for the multi-headtwsde computation. This means that all the staeafions are
expressed in the reference frame of one OH, and dttude is computed from all of them. This taskcalled
“fusion”.

Multi-head management is flexible with respectite humber of OH included in the multi-head fusiBar example,
the participation of an OH can be dynamically eedbbr disabled during attitude tracking. In thaelatase, the
single head attitudes of this head (that is tothayattitude computed from the stars measured ibyhtbad and only
these) are still computed and delivered to the AOREOH can be switched on and inserted into thétithaad
system during recurrent attitude tracking. In thetipular case of occultation or blinding of aniogkt head, the STR
automatically detects the event and suspends theofuthis OH data in the fusion; when the eventseup, the
participation of this head in the multi-head datsidn can be delayed for a number of cycles.
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The OH the fusion is performed in is the so-call@drnal reference OH. This head is preferentiallyser defined
OH called the external reference OH if this heathigracking, or the oldest available OH being riacking if the
external reference OH is off or in stand-by. A déff&xternal reference OH is defined by a softwaaeameter but
this head can be dynamically changed by meansofranand while Autonomous Tracking Mode is running.

The fusion requires the knowledge of the transfeionaguaternions between each OH'’s reference frakdekess
inhibited by software parameterization, these ngdabrientations are calculated continuously frdra single head
attitudes by a self-calibration process [1].

The FOV fusion and the multi-head management aff@enunity from Sun and Earth blinding. They alsoeggdart in
autonomous recognition and adaptation to interadlires such as loss of an optical head, data dinkhermal
control. Moreover full accuracy is met about altel axes. These capabilities allow large simplifices in the
AOCS design, in particular in on-board software grmlind operations.

2.2 Inter-head transformation quater nions

Several events, either at STR level or at OH legah modify inter-head transformation quaternicswitch on,
switch off, reset, switch between tracking mode atahd-by mode, blinding or occultation... Whenevesgible,
last estimated values of inter optical head tramsédion matrices are held until a new calculat®available. If it is
not possible, either because parameters prevemt it STR is reset for example, then missing transftion
guaternions are switched to calibration values.

For example, if an OH is occulted or blinded whl@onomous Tracking Mode is running then last eated values
of transformation quaternions between this headodiner heads are held. When occultation or blingind up, self-
calibration filter is reset with new measuremerd ifeset flag is up. If this reset flag is downfédét tuning) then
self-calibration filter is not reset.

At any time, if an EU hot reset occurs, RAM parasngtremain unchanged so RAM inter-head matriceauttef
values (initially loaded from EEPROM but potentathodified by previously sent Memory Write Telecoammd)
are used.

3. Multi-head management during night sky tests

Blinding and occultation tests have been perforohatdhg night sky tests, in order to confirm STR ddmehaviour.
For these tests some parameters were not setitgthsent values. In particular the number ofssgEar OH was 7 in
3-head configuration.

In 3-head configurations, tracking is never losewlone or two optical heads are blinded or occudtedoth (one
blinded and one occulted). On the occulted or lelihtiead, the number of measured stars is nullr Afbeding or
occultation, the number of stars increases baéktstars.
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Figure 2: Blinding of one OH among 3 during nigky sests
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This behaviour is the same for each configuratane or two blinded or occulted heads, in quasicstaindition or
at 2.5°/s around cross-boresight axes.

If a simultaneous blinding (it would be the samedocultation) of the 3 optical heads occurs, tHenSTR returns
to acquisition mode, reacquires attitude as sooonashead at least is no more blinded, and comas thaattitude
tracking mode in which it recovers all other heatien their blinding ends up (see Figure 3 and Eigyr
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Figure 3: Mode swing during blinding of 3 OH (nigiity tests)
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Figure 4: Number of coherent stars during blindiig@ OH (night sky tests)

Figure 4 displays the number of coherent starsaioking for each optical head. The 3 heads wereléd at the
beginning of the test sequence so the acquisitia® making many attempts. After each simultaneaunslibg, OH3
blinding ended first followed by OH1 then OH2, oH®then OH1. Entrance in tracking is single heahde the
high value of stars tracked by OH3 during first feweasurements. As soon as a head was no more dlitdle
number of coherent stars increased to 6-7 stansve@sely, as soon as it was fully blinded its nuntfecoherent
stars dropped to zero.

Conclusion of the test: the behaviour of the starker is perfectly compliant with the expectedawebur: in 3-head
configuration attitude tracking is never lost whame or two optical heads are blinded or occultedath (one
blinded and one occulted).

4. Hydra on-board Spot-6

4.1 Single head performance

The performance has been analyzed for standard(LB® Earth Orbit) angular rate (0.06°/s) [2].

The analysis method for the attitude performanassifllows:
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- Since orbital control could degrade the measuretbpeance, data sets have been chosen so that moemnae
was performed during the recording periods. Thisstr@int limits the size of data sets.

- The four components of raw quaternions are fittathva fifth order polynomial law. The fit quatermas
considered as the true quaternion. The choiceigkthd of law has been done in agreement withidstr

- The measurement error is considered as the differbatween the measurements and the fitted quareftiie
bias and the bias stability are not included inrtteasurement error since they are included inithe f

- The Power Spectral Density (PSD) is computed faheaxis and the different error terms are compiued
frequency filtering through Fourier transform.

For the Low Frequency Spatial Error (LFSE or Fi@#f View error), this method does not discriminateoes
coming from the STR and from the satellite (basgepkhift, variation in the angular rate...); thecoddted error is
therefore a worst-case at star tracker level. Guresatly a second method has been used in additierttact LFSE
by a filtering with a moving average. This methegrobably more accurate than the PSD through &otreinsform
since the number of samples is limited (howeveth boethods give the same order of magnitude as shown
below).

The total error is then split into the differentar classes. Table 1 gives the temporal Noise Edgit Angle
(NEA), Table 2 the High Frequency Spatial Error BEp and Table 3 the Low Frequency Spatial ErrolSEF

Table 1: Single head measured and expected temyBral

Temporal NEA Temporal NEA at
(at 3sigma) 10Hz (at 3 sigma)
Performances Asbuilt
M easur ement M easur ement
assessment (1)  performances (2)
ar csec/HZz"? arcsec/Hz”? arcsec/Hz”? ar csec
Around Xon 0.68 0.95 0.73 2.1
Around Yoy 0.65 0.95 0.73 2.1
Around Z,y, (LOS) 6.0 7.6 5.7 18.8

Measurement: in-orbit measurement
Performances assessment: BOL simulated performavittesvorst case parameters
As built performances: BOL simulated performancés typical or on-ground measured parameters

The temporal NEA is easy to get as its frequenayalo is clearly defined. Note that all values axpressed in
arcsec/HY? which is equivalent to 1Hz. For comparison toeottar trackers, the last column gives the perdmca
in arcsec at 10 Hz.

The “performance assessment” values (1) are thdigtiens with simulation tools, calculated in Begjimg Of Life
(BOL) conditions without straylight (conditions tife measurements) and taking into account worst calsies for
readout noise, star spot size and photometric thatysi Theses values are expected slightly higttean the
measurement since they include margins, whiches#se.

The “as built performance” values (2) are the sdmt consider typical values (or values measurednduthe

acceptance tests) for the read out noise, thespfatr size, and the photometric sensitivity. Thefggarances are
computed on the whole celestial vault. The as lpgiformance fit perfectly the measurement whichmaestrates
the good prediction of the performance.

Table 2: Single head measured and simulated HFSE
HFSE (arcsec, at 3 sigma)

Perfor mances
M easur ement
assessment
Around Xou 2.1 2.0
Around You 2.8 2.0
Around Zyy (LOS) 15.8 15.7
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The simulated HFSE in the measured conditions (imégg of life without straylight) is expected veow in such
conditions which increases the difficulty to evakiat accurately with the PSD method. The measHESE
matches the simulated one around X and Z axessasldhtly higher around Y. It should be noted titet simulated
values are not the worst case as it correspondgtobal statistic on the vault whereas the meadsone is extracted
from a measurement of a small part of the vaule Slight discrepancy around Y does not inform #sult and the
HFSE is considered as validated here.

Table 3: Single head measured and simulated LFSE

LFSE (arcsec, at 3sigma)

M easur ement Perfor mances

(PSD // moving aver age) assessment
Around Xou 0.5 /I 0.3 0.7
Around You 0.7 /I 05 0.7
Around Z, (LOS) 33 // 22 4.7

As explained previously, the PSD method is not vacgurate to estimate the spatial errors at high law
frequencies. It seems that the PSD method overagithe LFSE contribution compared to the movingrage
method, but both methods give about the same sesult

Despite the applied method is expected to give ia@se values because it can include errors thabtloome from
the star tracker, the measured LFSE is fully iroadgance with the performances assessment. Evesr batties are
found, about 0.4arcsec (3 sigma) on X&Y axis.

This error class is very important for the perfonoe of the spacecraft since LFSE cannot be filtbsedyroscopes
contrary to HFSE and temporal NEA that can berfile A low value is often required by prime’s andBRA
confirms here its very low contribution.

For all the frequency domains, the measured pedooes fit with the simulated values.
4.2 Fused quater nion performance for 3 available OH

The same analysis performed for single head pedbom is done for the fused quaternion when theetbptical
heads are available. The total error is also splitthe same error classes but expressed in the seference frame
(RS or satellite reference frame). Table 4 givestémporal NEA, Table 5 the HFSE and Table 6 th8HE.F

Table 4: Fused quaternion measured and simulategioiel NEA

Temporal NEA at

Temporal NEA (at 3 sigma) 10HZ (at 3 sigma)

M easur ement M easur ement As built M easur ement
per for mances
ar csec/HZ"? arcsec/HZ"2 ar csec/HZ"? arcsec
Around Xzs 0.43 0.63 0.48 1.3
Around Ygs 0.28 0.63 0.48 0.9
Around Zgs 0.40 0.68 0.50 1.3

The fused quaternion offers an excellent tempoiaANrround each axis; this is the advantage of HYDRged
guaternion. The measured values are lower tharsithalated performances (performed in the same faide
environment conditions).
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Table 5: Fused quaternion measured and simulat&EHF

HFSE (arcsec, at 3sigma)

Perfor mances
M easur ement
assessment
Around Xzs 1.4 1.4
Around Ygs 2.0 1.4
Around Zgg 1.7 1.4

The measured HFSE is also improved by the fusediadeand is close to the simulated performances. SEinee
shift as for single head performances is observednal Y axis and the same remarks concerning tbaracy of the
PSD method and the limited part of the vault fa@ theasurement can be given. The measured HFSgdtally
the simulated one.

Table 6: Fused quaternion measured and simulat&eLF

LFSE (arcsec, at 3sigma)

M easur ement Perfor mances

(PSD // moving aver age) assessment
Around Xzs 0.4 /I 0.2 0.5
Around Ygs 05 /I 0.4 0.5
Around Zgs 0.5 /I 0.3 0.5

As explained for the single head performances, nig¢hod probably provides overestimated values feSE.
Nevertheless, LFSE values fit very well the caltadabudget.

In conclusion, the excellent results offered by kyféit the predicted performance assessment. Téedfigolution
provides, a LFSE of 0.4arcsec (3 sigma), a HFSHEess than 2 arcsec (3 sigma) and a temporal NEA.4f
arcsec/HZ? (3 sigma). All values are given for the 3 axi8i@L conditions without straylight.

4.3 Inter-head matrices

The transfer quaternions between the optical heatisiated by HYDRA Kalman filter are not includedthe basic

telemetry sent by Spot-6. Specific telemetries Haaen downloaded to check the estimation. Hereafeepresented
some cases of the estimation by HYDRA of the transguaternions (more exactly, the difference coegpao a

mean transfer quaternion is presented).
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ROH1ROH2 alignment variations estimated by HYDRA Kalman filter
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Figure 5: Estimated inter-head quaternions

For these examples, the single head quaternionsoar@vailable in the TM. It is not possible toeditly compare to
the instantaneous transfer quaternions but themastin is able to smoothly follow low variationsafew arcsec.

4.4 Blinding

A trajectory section of Spot-6 shows blinded OHsyagement. OH2 is blinded by the Sun and OH3 is ltaxtipy
the Earth. Figure 6 gives the number of coheremssin each OH.
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On the first part of the trajectory, optical hed@lsnd 3 are blinded, which explains that no coltestars are
detected. They become available after the firsttbf the trajectory. On optical head 1, the nundferoherent stars
remains stable, which allows computing the fuseatemion through the entire trajectory.

STR NbCohStars used in OH1 calculation and STR NbExpStars used in OH1 calculation
Brovw~—rorT A VT v A

—— STR NbCohStars used in OH1 calculation
——STR NbExpStars used in OH1 calculation

| | | | |
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timeins x10°
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Figure 6: Number of coherent stars during OH2 Sindimg and OH3 Earth occultation

5. Conclusion

One main characteristic of the Sodern multiple-h8gat Tracker HYDRA, on-board Astrium SPOT-6 spaafic
launched on September 2012, has been presentefielthef-view fusion. Data collected during thesti months of
SPOT-6 mission have been analyzed and successhiitpared to predicted performances. Fused quateoffers
improved performances around the three axes. Malid management, in particular blinded heads mamage
already validated during night sky tests, has tmso validated on-board SPOT-6. This confirms fleddl-of-view

fusion and multi-head management allow for the pesiormances and the highest level of robustness.
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