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Abstract

The Astronomic Institute of the University of B4lUB) in cooperation with other three partnersnigolved in an
ESA study dedicated to the attitude determinatidlarge spacecraft and upper stages. Two majoisgal defined.
First is the long term prediction of tumbling rat@sg. 10 years) for selected targets for the &tctive Debris
Removal (ADR) missions. Second goal is the attitatiée determination in case of contingencies, wdeort
response time is required between the observatimmsselves and the attitude determination.

One of the project consortium partners, Hypersdichnology Goettingen (HTG), is developing a higmgdular
software toolOTA to perform short- (days) to long-term (years)gagations of the orbit and the attitude motion of
spacecraft in space. Furthermai@TA's post-processing modules will generate syithatasurements, e.g. light
curves, SLR residuals and Inverse Synthetic AperRadar (ISAR) images that can be compared withrélaé
measurements.

In our work we will present the first attempt tongpare real measurements with synthetic measurerimeatder to
estimate the attitude state of tumbling satelliMVESAT from observations performed by AIUB. We wihortly
discuss the ESA project andTA software tool. We will present AIUB’s ENVISATit#ude state determined from
the SLR ranges acquired by the Zimmerwald SLR @taffhis state was used as the initial conditioithim the
10TA software. Consequently the attitude of satelitas predicted by usin@TA and compared with the real SLR
residuals, as well with the high frame-rate lightves acquired by the Zimmerwald 1-m telescope.
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1. INTRODUCTION

The population of space debris increased drastidaliing the last years. Catastrophic collisionsmlaing massive
objects produce large number of fragments leadirgignificant growth of the space debris populatién effective
remediation measure in order to stabilize the patjpart in Low Earth Orbit (LEO) is therefore the reval of large,
massive space debris. Secondly, satellite malfonstimight lead to loss of contact with the spadeaad an
Waccurate attitude determination can help to idetiie cause. Such scenarios are referred to dgigency cases.
Currently, the Astronomic Institute of the Univeysof Bern (AIUB) in cooperation with three parteéas involved
in an ESA study Debris Attitude Motion Measuremeartsl Modeling (ESA AO/1-7803/14/D/SR) dedicatedHe
attitude determination of large spacecraft and umpeges. One of the project consortium partnesgpeksonic
Technology Goettingen (HTG), is developing a higmigdular software toaOTA to perform short- (days) to long-
term (years) propagations of the orbit and of titiéude motion of a spacecraft, taking into accaalhthe relevant
acting forces and torques [1]. Furthermaf@TA's post-processing modules will generate syithaeasurements,
e.g. light curves, Satellite Laser Ranging (SLRjdeals and Inverse Synthetic Aperture Radar (ISivi)ges that
can be compared with the real measurements. Taegsr of the approach is the combination of variatisude
measurement types to cancel out ambiguities ofittlividual methods and to combine this informatieith a
dynamic model in order to establish attitude prigolic The validation of the attitude model will lione by
comparison to real observations of targets withvikmattitude. For more about th@TA tool please refer to [1].



2. ENVISAT CASE

ENVISAT (ENVIronmental SATellite) (Cospar ID 200B9A, NORAD 27386) is a former European Space
Agency (ESA) mission dedicated to the Precise Chlgitermination (PDO) and radar altimeter instrunmemige
bias calibration. Satellite was launched on the-Symchronous Orbit (SSO) with mean altitude of a0 km
which corresponds to an orbital revolution of 10Mumes. In & of April 2012 the Agency lost contact with the
satellite. Several different attempts have beefopmed in order to start communication with thecgmaaft but all
of them failed. Finally, one month later the Agents declared for ENVISAT the end of mission. Cuiige
ENVISAT is one of the largest and heaviest objéttsow Earth Orbit (LEO) region, which is the highielense
region, and can pose a big treat in case of caflisr break-up event.

For completeness we add that ENVISAT is a box-sthagagellite with one solar panel attached to ite Bhatellite
shape can be seen in Fig 1. In the left panelagaa satellite in real colors and in the right glais plotted 3D
model used within theDTA tool to generate synthetic measurements.

Fig. 1. ENVISAT satellite in real blors (left pdpand 3D model used #OTA tool to generate synthetic SLR and
photometric measurements (right panel). Photo trE@A and HTGOTA.

Shortly after the failure the International LaseanBing Service (ILRS) reinitiated the SLR measunmsdo
ENVISAT in order to improve its orbit. Since thdmetstations within the ILRS network are measuringgular,
including AIUB’s Zimmerwald SLR station.

Photometric observations, as well SLR measuremevsaled that ENVISAT is tumbling relatively fastjth
rotational period between 2-3 minutes. Since 20iEBet were several studies dedicated to the attdetermination
for ENVISAT satellite. Several different techniquesre applied were the most promising seems théamnalysis
of the SLR measurements. The most extended andedeteork was performed by [2]. Authors in their tkaised
SLR measurements acquired by high frequency ld3$my estimated the direction of the spin axis aatked that it
is stable within radial coordinate system (RCS).

Another team [3,4] used high frame rate video camn®0 frames/s, to measure the specular reflectibtise sun
reflected from the ENVISAT surface. They calculated apparent period by using the time differenetvben two
consecutive specular flashes presumed to be framséme surface even the surface itself was unkn&yn.
knowing the geometry of the pass, position of theeover and the position of the Sun they assumeattdande
state, spin axis direction, for which then theyldocalculate the inertial spin period. This way &ach apparent
spin period point they got an inertial spin permint. The basic assumption was that closer thenasd attitude
state was to the reality then less spread wasethef she inertial spin period points. The besutsswere obtained
for the case when the spin axis was parallel toativenal of the orbital plane and when satellite watating in the
counter-clockwise (CCW) direction, direction opgedio the motion on the orbit. Even this approastnss to be
correct their conclusion was partially condratigtto the results of [2] where authors state thatgpin axis angle is
slightly tilted comparing to the normal to the débiplane.

Recently, AIUB developed a method to fit an SLRngigmodulation in order to estimate ENVISAT attiéustate.
This method is based on the fitting the SLR red&ls&gnal from one specific pass and to determinaiéown
parameters which define the attitude state. Firghese parameters is the inertial period. The Sgsarameters are
angles which define the exact spacecraft alignmrespace and spin axis orientation in the inedigdtem. This
method was applied to 31 ENVISAT passes acquiredh fiSwiss Optical Ground Station and Geodynamics
Observatory Zimmerwald (hereafter Zimmerwald obatmy) between July 2013 and October 2015. Thi$yaisa
showed that ENVISAT spin axis is quit stable in thbital reference frame and it is slightly tiltedmparing to the



normal to the orbital plane. Due to the fact tthés tvork is currently under preparation for a reé&publication, we
will not discuss here it in more detail. We willsjumention that our results showed that rotatiois was rather
stable in the orbital reference frame between y2ait8-2015.

3. ZIMMERWALD OBSERVATIONS

One of the main instruments at AIUB’s Zimmerwaldsetvatory is 1-meter Zimmerwald Laser and Astrognetr
Telescope (ZIMLAT). ZIMLAT is used either for SLRo tcooperative targets, targets equipped with SLR
retroreflectors (RR/RRA), or for optical observatsa(astrometric positions and magnitudes) of aiéfiand natural
objects in near-Earth space. During daytime theesysoperates in SLR mode only. During the nightetithe
available observation time is shared between SLIRGDD/sCMOS [5,6] based on target priorities. Thiching
between the modes is done under computer conttbhaads less than half a minute. ZIMLAT telescapshiown

in Fig. 2.

From CCD and CMOS cameras the extracted measureragnin form of the total intensity measured froixels
which contain the signal from the object. If thistal are function of time we refer to such seriethadight curve.
The SLR measurements are quite different. Frometloe® can obtain the residual variations whichcaresed by
the rotation of the object around its center of sndhen the relative movement of the Retro Reflestoay (RRA)
around the center of mass toward the directioragéd beam can be measured from ground. These abksithn be
in form of time, which is the light travel delay or form of range residuals, difference betweendjmted and
measured range to the RRA.
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Fig. 2. ZIMLAT telescope during the day when onlyRSobservations are used (left panel) and a closdsrat
ZIMLAT telescope during the night when simultane@id$k and CMOS observations are used (right paRbato
credit: Silha and Bodenmann, 2016.

During a special observation campaign, which toakein the end of August 2016, simultaneous SLRSEMOS
observations have been performed. These obsersatiol place during nights 2016-08-22 (1 pass)6A08-25 (2
passes) and 2016-08-27 (1 pass). The primary ta@etENVISAT satellite. The geometries of all f&EMVISAT
passes in topocentric reference frame with the Zmvald observatory in the middle are plotted in.Agin all
panels the East is facing up and the North is fadeft. For all passes ENVISAT was flying from tiS®uth
direction toward the North.

Summary for each pass is listed in Tab. 1. Listedfimm left column AIUB’s internal pass ID, dateabservation,
time of beginning of observations, duration of ala&ons, direction in horizontal topocentric systeand
maximum elevation of the pass. Except the pass BVABT, all passes were in the West direction frdm t
observatory.
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Fig. 3. Geometry of four ENVISAT passes for whigmsltaneous observations, SLR and CMOS, have been
acquired by ZIMLAT system. Plotted is local horitalnrsystem where the East is facing up, and theétNsifacing
right.

Tab. 1. Summary of the ENVISAT passes for whichufameous SLR and CMOS observation attempts hage be
performed.

Pass ID Pass date Start time  Duration Direction Object Sun
[UTC] [min] maximum elevation

elevation [deq]
[deg]

EV22AU16U 2016-08-22 20:45 10 West 32 -21

EV25AUL16T 2016-08-25 18:57 8 East 31 -07

EV25AU16U 2016-08-25 20:33 10 West 39 -21

EV27AUl6V 2016-08-27 21:01 9 West 23 -25

During the first night 2016-08-22 ENVISAT was obgst during pass EV22AU16U simultaneously with Sirikl a
CMOS camera. During these observations obtainee BER residuals, which are differences betweerpliwened

and measured light travel duration (plotted as Htiyavel delay”), as a function of time. With tG8MOS camera
obtained has been intensity variation as a funabotime which was further used to construct thyticurve. For
intensity measurements used was exposure timeé6fd).Notch filter to filter the SLR laser signaldaframe-rate 9
frames/s. Both data sets can be seen in Fig. thelhnower panel plotted is the light curve andhie tipper panel
plotted are measured raw SLR residuals. The sgattine shown on both panels is the time when theOSM
acquisition started.
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Fig. 4. SLR residuals (upper panel) and CMOS lght/e (lower panel) acquired simultaneously by ZIWL
system at 2016-08-22.

During the second night 2016-08-25 there have werpasses of ENVISAT when we tried to acquire CM&E
SLR simultaneously. The first early pass was EV23A8U at 18:57 UTC. During this pass we were not ablget
the SLR return signal. However, we could acquiterigity measurements by using CMOS camera, exptisuee
of 0.005 s, Notch filter and frame-rate of 5 frafse3he obtained light curve is plotted in Fig. 5.
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Fig. 5. CMOS light curve acquired simultaneouslywsLR by ZIMLAT system at 2016-08-25, startingl8t57
UTC.

Simultaneous observations have been successfthddater second pass of that night EV25AU16U a820TC.
During this pass we obtained SLR residuals, as pletometric measurements. For the photometry neasnts
we used exposure time of 0.005 s, Notch filter fiache-rate of 3.8 frames/s. The obtained light eltamd raw SLR
residuals are plotted in Fig. 6.
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Fig.6. SLR residuals (upper panel) and CMOS light/e (lower panel) acquired simultaneously by ZIMLA
system at 2016-08-25, starting at 20:34 UTC.

For the last pass EV27AU16V simultaneous obsermatitave been successful and we obtained SLR résiand
also the intensity measurements. For the photorme&gsurements we used exposure time of 0.05 sh Nittter
and frame-rate of 7.5 frames/s. The obtained lkiginte and raw SLR residuals are plotted in Fig. 7.
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Fig. 7. SLR residuals (upper panel) and CMOS lmive (lower panel) acquired simultaneously by ZIML
system at 2016-08-27.

4. COMPARISON OF REAL AND SYNTHETIC MEASUREMENTS

Next step was to compare the ENVISAT's real andlsstic measurements. To run ti@TA simulation we had to
provide the inputs to the tool. The osculating edate of the satellite have been calculated by u3iwg Line
Elements (TLE) and SGP4 propagation model [7]. ifegtial period of the spacecraft has been extdabteusing
AIUB’s method of SLR signal pre-processing. We daieed that ENVISAT had apparent spin period eqtals
179.2 s while the inertial spin period, assumintation axis to be aligned with normal to the orbjttane, was
215.4 s assuming CCW rotation. This correspona@sular velocity of 1.671 deg/s. Comparing thedeesto last
years [4,3,2], ENVISAT is continuing deceleratirng iotation following the behavior from previousaye. During
the pre-processing we also de-trended the signatimpving the along-track trend caused by the wHate orbit
predictions. The necessary information such asiRA position, as well the last known position ohta of mass,
has been retrieved from [8].

It was also necessary to make some assumptionsebstolaunched th@TA simulations. Assumptions were that
the spacecraft angular velocity is 1.671 deg/sthagpacecraft is rotating around the principas aXiinertia, which
is aligned with the direction of the ENVISAT RRA ipting. Additionally, we assumed that the satellidéation



axis is relatively stable in the orbital refereriiene and for the investigated pass we could assuimeven quasi-
stable in the inertial reference frame.

Last parameters which were missing were the indiignment of the spacecraft and its spin axispiace by using
the system of three different angles defined inadléertical/Local-Horizontal (LVLH) reference framaamelya,

B andy. These angles had to be determined w@thA by using iterative procedure.

We usedOTA tool to generate SLR residuals and then we @etbthem to the real residuals. During simulations
all the forces have been deactivated except thetgtimnal torque. Once we got the best match wendothe
desired system of angles p andy for given pass. When we applied the iterative meétlo the first pass
EV22AU16U, we assumed two different spin rotatiarections, clockwise (CW) and counter-clockwise W
comparing to the orbital motion. For the CCW salntive got the best match for combinatior 230°,3 = 345°
andy = 110°. For the CW solution we got the best mébcltombinatiorn = 123°,3 = 214° andy = 295°.
Comparison of real and synthetic SLR residualsG&\W and CW solutions can be seen in Fig. 8. Thehsyit
light curve generated bfDTA for given pass and CCW and CW solutions casdsn in Fig. 9. In the upper panel
is plotted the real light curve, in the middle plathe synthetic light curve for CCW solution andtive lower panel

is the light curve for CW solution. For better tisity all three light curves are plotted in théative intensity units
and not in the magnitudes. During the light cureaeration byOTA we assumed only diffuse reflection of the sun
light from the satellite surface toward observer.
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Fig. 8. Comparison of real SLR residuals (bluetrédaded signal) and synthetic SLR residuals (grémrthe pass
EV22AU16U. In upper panel are plotted results f@W solution and in the lower panel for CW solution.

We performed similar analysis as for the first pals® for the third pass EV25AU16U and we assungzinatwo
different spin rotation directions, CW and CCW. foe CCW solution we got the best match for comtibmen =
60°, B = 340° andy = 20°. For the CW solution we got the best mdtchcombinationa = 55°,8 = 340° andy =
20°.

Comparison of real and synthetic SLR residualsd@W and CW solutions for EV25AU16U can be seenim F
10. The synthetic light curve generatedi®y A for given pass and CCW and CW solutions casd®n in Fig. 11.
In the upper panel is plotted the real light cuimehe middle panel the synthetic light curve @CW solution and
in the lower panel is the light curve for CW sotuti For better visibility all three light curveseaplotted in the
relative intensity units and not in the magnitudes.
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Fig. 10. Comparison of real SLR residuals (bluetrdaded signal) and synthetic SLR residuals (grémrthe pass
EV25AU16U. In upper panel are plotted results f@W solution and in the lower panel for CW solution.
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Fig. 11. Comparison of real light curve (upper paraed synthetic light curves, CCW solution (midgknel) and
CW solution (lower panel), for the pass EV25AU16U.
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5. DISCUSION

The comparison between SLR residuals for CCW and goWtions is rather un-conclusive. It is obviobattwe
have two good solutions for each of two analyzesspa. When we look closer to the SLR residualbdtin passes
we can notice that the position of extrema (minand maxima) for real residuals are slightly shifbein peak to
peak for the CW case, while for the CCW they stignad. This indicates that the apparent periodd@W case
and real SLR residuals are in better agreement fima€W case. Additionally, by looking at the syetic light
curves, one can see that the peaks are shifteaHdaZW case comparing to the real light curve peakis is not the
case for the light curves of CCW case which showgite good match with the real light curve peak&csally for
pass EV22AU16U. Even we can not conclude with alisatertainty that the CCW case is the right onepaling
to our first analysis by usin@TA tool this seems to be the case.

For completeness we mention again that in redtigy datellite is spinning in CCW direction and ipgnsaxis is
slightly tilted comparing to the normal to the dabipane. If this is the case it also means thah RRvisible only on
one side of the orbit. If the observer’s positiamidg the pass is in the “blind” spot, there wopé& any returns for
SLR measurements. This is actually what we had rebdeduring the night 2016-08-25 during first pass
EV25AU16UT when the satellite was passing on th&t E@e from the observatory.

6. SUMMARY AND CONCLUSIONS

In our work we presented first results of synthetata generation by using th@TA tool, a tool to predict an
attitude state of a non-active space objects, sagkhdefunct satellites or upper stages. One of tod'st
functionalities is the synthetic data generationliight curves, SLR residuals and radar ISAR imadéss tool is
currently still under development within an ESA dstu Study contains several consortia members, wheze



Hypersonic Technology Goettingen (HTG) is respdesibr the tool development and AIUB is responsitdiethe
tool functionalities testing.

Herein we presented an unigue set of data acqfordeNVISAT satellite, a tumbling defunct LEO sditel, during
three different observation nights, namely 20162@82016-08-25 and 2016-08-27. During these nigiN¥ISAT
was observed with AIUB’s ZIMLAT telescope, the maoptical instrument at the AIUB’s Zimmerwald
observatory. Thanks to the simultaneous mode wherSt.R and light curve data are acquired simultasigove
acquired two types of data at the same moment.

We generated synthetic data for the ENVISAT pa&&2AU16U and EV25AU16U by using satellite’s TLEdan
SGP4 model. Assumed was a spin axis orientatigmedi with the principal axis of inertia. We extextfrom the
acquired SLR data ENVISAT's inertial period. Thiaswdone by using the AIUB’s SLR pre-processing washin
our simulations we assumed two different rotatimeadions comparing to the orbital motion, the &ecse CW
and counter-clockwise CCW rotation. By using a# thputs we iteratively generated synthetic SLR suesments
with 1OTA tool and we compared these measurements t@#&LR residuals we acquired during the nights620
08-22 and 2016-08-25 further pre-processed by AHIBethods.

Finally, we obtained two different solutions foretimitial attitude state a priori to the observatipone for CCW
case and one for CW case. By comparing these aotuti seems that the results for CCW case areuichrbetter
agreement with real measurements than for CW ddseapparent spin period for synthetic SLR resilgalem to
be in a very good match with the real observed @gppaeriod and the synthetic light curve for CCe#é& shows
peaks at similar positions in time that the regthiicurve.

10TA tool is currently still under development. (irst look on its synthetic data generation, whemwsed a very
unique set of data of simultaneously acquired Sh& ghotometric measurements, showed a strong pediaiur
approach of combining different measurement teakesq This method will get even stronger once thehstic
measurements modules are optimized and included beil also Inverse Synthetic Aperture Radar imaging.
Successful development and full testing of the wetdre our next primary aims.
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