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Abstract

As the Geosynchronous satellite population increasedoes the importance of accurate catalog nmainte for
purpose of conjunction assessment and spacecttop situational awareness, particularly for apmns in dense
regions or collocated slots. The following presahe design, results, and limitations of an atharideveloped to
aid these efforts by characterizing maneuver hiesasf geosynchronous satellites using public darsatellite
TLE histories. Central to the algorithm is usébasic signal processing techniques to enhancebiliy 0 detect
small orbit changes amongst the noise in the raw. dafter filtering out single point inconsistemitliers the
algorithm processes each orbit state with a tenhjead trail window of surrounding orbit statesigpropagated
over a range of common epochs with key metricsgoenorded. Two methods are then used to chaizetbe
maneuver history. A maneuver detection algoritlagd potential maneuver events at any epoch where t
comparison metrics between orbit states exceedaasteecks. Maneuver events are characterizé@k&ne or
Out-of-Plane events, referring to the directionhef imparted change in velocity relative to theliat orbital
plane. The second method performs a maneuverdnegifit to the data to determine to what degreepeattern of
periodic maneuvering exists. Also characterizegtisther electric or chemical propulsion methodshkaing used.
To illustrate this approach several examples ugirgic domain orbit state data are processed \e#hlits provided.

1. Introduction and Background

Geosynchronous (GEO) satellite station-keeping mraers introduce unmodeled orbit state changesctrat
present a challenge to timely and accurate sa&eiitalog maintenance. Knowledge of historicdl@takeeping
behavior of GEO Resident Space Objects (RSOs) enlidnce catalog maintenance by allowing a priori
assumptions about future behavior to effect hoveolsions are correlated and processed. The foitpgections
present an automation suitable technique for deteeind characterization of past station keepingenser
histories. The algorithm is designed to work witthie limitations of the Two Line Element (TLE) ddtom the
public catalog [10] but can also be used with ottea sets. In addition to public catalog TLE dpteélic domain
commercial operator orbit state and maneuver &t®] was used, for purpose of comparison.

2. Geosynchronou®rbit Station Keeping

GEO satellite orbits are affected by a number ofypkations which cause their inclination, longieuand
eccentricity to drift over time. To overcome thesfects regular station keeping maneuvers areafted to
maintain a satellite in its assigned longitude artination box which is typically +/- 0.1° or les§he frequency of
station keeping maneuvers can vary greatly depgratinthe type of thrusters being utilized, crewstmaints,
payload and ground station pointing requiremerdeperative station keeping requirements with ceited
spacecraft, and other factors. However, operatospacecraft utilizing chemical propulsion typiggderform
regular station keeping burns at intervals ran@iom once every week up to only once every coupkaanths.
Satellites using electric propulsion perform muaWeér thrust longer duration burns and typically earer much
more frequently, often multiple times per day [4].

Inclination drift is caused by third body effectstioe sun and moon. This is a result of the gdiostary orbit plane
and the orbital plane of the earth and moon natdaligned. For a typical beginning of life GEO aoomication

satellite this causes the inclination to incredse rate of approximately 0.85° per year [9], reipgi somewhere in
the neighborhood of 46 m/s of delta-V annuallydomteract. Maneuvers to reduce inclination anchtaai it near



zero are known as North-South station keeping andoften be the largest contributor to GEO sagefiiopellant
usage.

Satellite longitude at GEO is primarily affected diyliquity of earth’s equator as well as solar atidin pressure.
These perturbations tend to cause satellites totawards one of the GEO gravity wells located@ 3tE and
104°W. Eccentricity also tends to increase asaltref these perturbations however current strasegften
incorporate eccentricity corrections in East-Wé¢atien keeping maneuvers. Depending on the freguand
operational strategy, East-West station keepingemagrs typically impart between 0.05 and 0.2 m/dedfa-V per
maneuver [7].

In addition to station keeping maneuvers many B&ghlso periodically impart small amounts oftdél, typically
0.001 to 0.005 m/s, in the process of performingnaatum dumps to reduce accumulated momentum in the
reaction wheels used for attitude maintenance.

3. Algorithm Description

The maneuver characterization algorithm is dividted three functional parts: filtering of raw dappcessing of
the filtered data, and characterization of tha@tateeping history. All code was written in Pythaith use of the
Matplotlib package for plotting. All orbit propatian is accomplished with the Python SGP4 pack8&ye [

3.1 Filter Function

The filter function processes the raw orbit staitacaind removes any data points that fail a camsigtcheck with
the surrounding data. For each orbit state irsttiellite ephemeris, the trailing and leading cstites are
propagated to the epoch of the center orbit skage,1. The range is then compared between eaubioation of
the three orbit states. If the center state igdyloth the propagated lead and trail states grectetd to compare
more closely with the center state, in terms ofjeathan the propagated lead and trail state éac¢h other. If this
assumption does not hold true then the center istaggected.

This approach only rejects data when the adjacantgpare consistent with one another. This ersstirat orbit
state changes due to maneuvers are unlikely teeadats to be thrown out. The filter would not remdata when
multiple inconsistent orbit states occur in a rotis is advantageous with a noisy data source asithe available
TLE data sets. Fig. 2 shows a short snapshotcthation history for DIRECTTV12 with the filtereout states
shown in blue. From 2010 to 2014 DIRECTTV12 ha898rbit states in the public TLE catalog. Whepltates
and inconsistent data were removed, per the destfilbering process, 1661 remained.
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Fig. 1: Propagation to Center Epoch for Range Base@rbit State Consistency Filter



Filtered TLE Inclination History Showing Removed Data in Blue
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Fig. 2: Example TLE Inclination History with Filter ed (Red) and Unfiltered (Blue) States
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3.2 Processing Function

This function processes the filtered data and preduhe orbit state comparisons used later byhheacterization
function. At each orbit state in the history, aadow of three leading and three trailing statespaopagated and
compared to the center orbit state as well asdb ether, Fig, 3. Each comparison is done ovéntanval of one
orbital period centered on the epoch of the cestie. Over this interval the max Radial, InTraaki CrossTrack
magnitudes are recorded between each pair of stateg compared, Fig. 4. Using max position delter one
orbital period allows for combining position andagty differences between states in a single roetdsing the
RIC frame is convenient for dealing with differead®etween orbit states as well as for categoritiegnaneuver
necessary to achieve the observed orbit staterelifte.

Comparing a lead and trail window of states hefpsvercome noise in the data to discern maneukiatsmould
not be apparent if each state were compared onlythve next state in the file. This does howewnergase the
minimum temporal spacing needed between maneuvelstéct them as two separate maneuvers.
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Fig, 3: Nine orbit state comparisons made for eacstate in the history
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Fig. 4: Example RIC frame comparison between two RS orbit states over one orbital period

3.3 Characterization Function

The third function uses the compiled history ofibsbate comparisons to attempt to characterizetit#on keeping
behavior of the satellite. Two different methodiloaracterizing maneuver history are implement€de first, the
Detection Method, uses metrics derived from congoarof adjacent orbit states to identify times weire
statistically probable that the satellite perfornaethaneuver. The second method, the Frequendyjdtitod,
assumes that the satellite typically performs maeeuat some regular frequency then attempts tbdifrequency
and phasing for those regular maneuvers thatfésiata.

Several user input parameters can be adjustedetct #iie operation of the algorithm, Table 1. Wsletherwise
noted, the listed default values were used faesll cases. The Lead/Trail Range Filter settingieates any data
points without either a trailing or lead orbit gtathose range at common epoch isn’t within the umgrrnt distance
threshold. This can be used to eliminate largéesatin the data that were not filtered out in grevious function
because the lead and trail states were not consisith each other. The other tunable parametéestahe
operation of the two maneuver characterizationtions.

Table 1: User settable algorithm parameters

Tunable Parameter

Default Value

Lead/Trail Range Filter 20 km
Potential Maneuver Threshold 20
Maneuver Flag Lead vs. Trail Threshold 1o

Maneuver Flag Lead vs. Center Threshold lo
Frequency Fit Window 4 Days

Three primary metrics are compiled from the ortates comparison data described in Section 3.2s iBhione
separately to characterize out of plane and ingplaaneuvers. For out of plane maneuver charaatinizthe
CrossTrack component of the orbit state comparigonsed and similarly for in plane the Radial &mbrack
components are used. Satellite maneuvers thaidadioth an out of plane and in plane componertreaéed as
two separate maneuvers. All three metrics summalnie comparison data in terms of standard devisfi@m the
mean values for the underlying comparison.



Metric #1: Standard deviation of the first leadeteersus the center state
Metric #2: Sum of the standard deviations of flh& through third lead states versus the cengte st

Metric #3: The value of Metric #2 minus the suntla standard deviations of the first through thieidling states
versus the center state.

3.3.1 Maneuver Detection Method

The Maneuver Detection method assumes that inrfssepce of a maneuver the next three orbit stétesthe
maneuver would have conspicuously high deltas eettsellast data point prior to the maneuver. &ksumption is
captured by Metric #2. By using the leading thodgt states to detect maneuvers instead of oeeNietric #1)
inaccurate orbit state knowledge can be partialBroome at the expense of increasing the time sacgbetween
maneuvers to discern them as separate eventsicMB8ttakes this a step further by subtractingtbetdeltas from
the three orbit states prior to the maneuver. €ffexcctively requires that three fairly consistentit states exist
prior to a maneuver for that maneuver to be deddoyethe algorithm. This reduces false positivetsdan also
filter out legitimate maneuvers that occurred iniqgus of noisier than average orbit state data.

By default the maneuver detection method uses M#8j flagging a potential maneuver at the epodcngfdata
point where the metric exceeds a threshold numistaadard deviations, see Table 1. Two additichatks are
then performed to reduce the chance that a flaggateuver is due to temporary noise in the orbiesiata. For
the potential maneuver to be passed as actuabthparison of the center state to all three leadihi states must
be above a threshold number of standard deviafionsthe mean, see Table 1. Second, comparisotine dirst
leading versus first trailing and similarly the ged and third lead trail pairs must also be abotleeshold number
of standard deviations above the mean value ofdlhme comparisons over the entire dataset, Tablénik. throws
out potential maneuvers if there is a post maneorkt state that agrees closely with a pre maneaorkst state.
After these two checks to reduce false positiveg,ramaining maneuvers that are adjacent to onthanare then
collapsed to one assumed maneuver and the resptiged.

3.3.2 Frequency Fit Method

Rather than detecting individual maneuvers, thelreacy Fit Method attempts to find a station kegpiraneuver
cadence that best fits the data. This approachvoakwell for cases where a satellite performaitagmaneuvers
but the ratio of the maneuver signature to the @amdrror in the orbit state data is relatively low.

Separately for out of plane and in plane maneuessnethod iterates through assumed frequenciéplaasing of
station keeping maneuvers to find a best fit tod&ta. In a given iteration, if the assumed freqyevere for
example 10 days and the phasing were one dayttleeassumed maneuver epochs would start one danytladt
first orbit state and continue at a frequency arg\i0 days. Whole number frequencies betweerd®ardays are
checked with phasing at each frequency betweenltetérequency in 0.5 day increments, resulting total of
4,234 combinations checked.

Each combination of frequency and phasing is evatlby taking all orbit states in the history anitsacting out
those within a configurable window after each assdimaneuver epoch. By default the window is faysd Table
1. The mean value of Metric #2 for all remainirarns is then recorded. The best fit frequency pimasing pair is
that which minimizes the mean value of Metric #Rtfee remaining points, representing that a maximabunt of
aberration due to real maneuvers was removedel$atellite was performing maneuvers at regutarvals a
conspicuously low mean value for one of the iteraiwill occur.



4. Example Cases and Results

The following test cases were chosen to illustuse of the algorithm with a wide range of GEO sdisdeinaneuver
behavior and where possible allow comparisons Wighed maneuver history data.

4.1 Discrete Maneuvers: EUTELSAT28A (SCC#26719)

4.2 Frequent Low Thrust Maneuvers: INMARSATS5F1 ($3@476)

4.3 Evaluation versus Operator Orbit State and MesmeData: Multiple Intelsat Satellites

4.4 Slot Changes, Disposal, and End of Life: INTBIZ (SCC#23175)

4.5 Previously Studied LEO Satellite with Known Mawer History: ENVISAT (SCC# 27386)

4.1 Discrete Maneuvers

EUTELSAT28A (SCC#26719) is a GEO communication l§&ecurrently operated by commercial services
provider Eutelsat at 28.5°E, providing digital iefton services over Europe. Built by Alcatel Span the
Spacebus 3000 platform it represents a typical umedize GEO spacecraft utilizing chemical propuddiar both
E-W and N-S station keeping. January through &di2®12 was chosen for the test case since thecpubl
published TLE data contained no extended outagesgitihat period. The six month timeframe was degm
sufficient for illustration purposes although iraptice a larger span may be desirable in someniossa

The default Lead/Trail Range Filter of 20km, sebl&dl, eliminated four out of the 189 orbit statesr the six
month period. The remaining 185 orbit states rgmean average spacing between points of appreeiyna0
days. The other default settings were used witettception of the Maneuver Flag Lead vs. Trail laead vs.
Center thresholds which were set te.0With the settings at the default total of 11 maneuvers were detected,
however a visual inspection determined that ther§lfor reducing false positives were also elirtingpa

significant number of likely real maneuvers. ltsnherefore determined to turn off the filters tuis case which
resulted in a total of 29 maneuvers detected.

Fig. 5 shows the RIC component deltas between edihstate and the next orbit when compared ugiegnethod
described in Section 3.2. A significant amountarfiability exists, especially in the InTrack conmgmt but is
within the typical range seen for GEO RSOs in thklis domain TLE catalog. The variability is dued
combination of spacecraft maneuvers, error in aataite knowledge, and propagation modeling error.
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Fig. 5: Chain Propagation Results for EUTELSAT28A

The frequency fit method of characterizing manesivesulted in a best fit of 14 days between mansifee both
Out of Plane and In Plane maneuvers, Fig. 6. Theess metrics for the best fit were conspicuobetier than the
surrounding data. Fourteen days also correspoetiuth with satellite operator norms and withisual



inspection of the plotted data in Fig. 7 and Figlt3s therefore believed that the frequencyrf@gthod accurately
identified a true pattern in the station keepindebfTELSAT28A.

Fig. 7 summarizes the results for out of plane roges. Inclination and RAAN are plotted in the appubplot
along with the maneuvers flagged by the detectiethod, red dots, and the frequency fit methodjcartiashed
lines. The Maneuver Detection Method appears gdlgesffective at detecting maneuvers, with sevaeraheuver
signatures clearly visible in the metrics plot. wéwer during some periods, notably late Februasattdy March,
the noise in the data appears to have overconmsghature of the station keeping maneuvers. Tiere also
several maneuvers identified that may be falsetipesior have been flagged as two maneuvers wkely lonly
one occurred. However, enough maneuvers had aesitgwature in the derived metrics that the Frequétit
Method was able to identify a likely operationahfe for station keeping. The Frequency Fit Methpgears to
have been generally consistent with the visualesgmtation of the data. A dashed black line agps#hin four
days of most visually recognizable spikes in thiada

Fig. 8 summarizes the in plane maneuvers. Semeigjis (SMA) relative to GEO orbit radius and Entrécity
are plotted along with the maneuver detection aegufency fit results.  Similar to the Out of Rlaesults the
Maneuver Detection Method is believed to be morrigate in determining the likely epoch of any gigmgle
burn while the Frequency Fit Method is better arelsterizing the overall scheme of the maneuvers.
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Fig. 7: Out of Plane Maneuver Detection and Frequesy Fit Results for EUTELSAT28A
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4.2 Frequent Low Thrust Maneuvers

INMARSAT5F1 (SCC#39476) is a GEO communication Kiggecurrently operated by commercial services
provider Inmarsat at 63°E, providing high-speedadizand mobile satellite communication services tvernndian
Ocean. Built by Boeing on the BSS-702HP platformtilizes Boeing’s low thrust Xenon lon PropulsiBgstem
(XIPS) for both N-S and E-W station keeping. ®Btakeeping maneuvers performed with the XIPS sysiee
typically very long duration and are performed viEgquently as compared to high thrust lower fremye
maneuvering for chemical systems. Since INMARSAT &-a relatively new satellite, the most recerdilable six
month period was chosen as the test case timefraoreer to best represent the long term operatistaéion
keeping tempo.

Satellites performing frequent low thrust maneuvsiiizing electric propulsion represent a challerig
characterizing maneuver history. For North-Souttintenance for example, station keeping maneuvetsdv
typically be performed twice a day. With TLE datailable only at a frequency of approximately onlgit state
per day this makes individual maneuvers imposddltiscern in the data. The goal of this algorithmrefore is to
simply identify that the satellite being analyzedikely performing frequent low thrust maneuvers.

The default tunable parameters, as shown in Tghlefde used for analyzing INMARSATS5F1. Fig. 9 wlsahe

chain propagation results, indicating the amoumtai$e in the data. The median values are sirtlar
EUTELSAT28A and several spikes exist which couldlbe to maneuvers or state knowledge error.
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Fig. 9: Chain Propagation Results for INMARSAT5F1

Examining the results in Fig. 10, Fig. 11 and Bigit can readily be determined with no a prioroWhedge that
INMARSATS5F1 is very likely performing frequent lothrust station keeping maneuvers. A visual indpeatf the
Keplerian element plots show that INMARSAT5F1 is\ady maintaining both a N-S and E-W station kegpbox.
Fig. 10 shows that the frequency fit method didnesult in a conspicuous best fit frequency for enarers. The
best fits that were tagged by the algorithm wetg slightly better than the surrounding frequenity.f From this it
can be concluded that INMARSATS5F1 is not performilegectable burns at any regular interval betwetne®
days in frequency. Only a single Out of Plane sindle In Plane maneuver were flagged by the Mesreu
Detection Method. A single station keeping burruldanot have been sufficient to maintain the obsétvox for a
six month period. Furthermore, the median naisthé data as seen in Fig. 9 is not so extreme @ke chemical
burns undetectable.

With no a priori knowledge it can therefore be doded with some certainty that INMARSATSF is likely
performing frequent low thrust maneuvers and they tare at some frequency of greater than onceveay eight
days. Making it highly likely that INMARSATSF igtilizing electric propulsion.
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Fig. 12: In Plane Maneuver Detection Results for IMARSAT5F1

4.3 Evaluation versus Operator Orbit State and Manaver Data

This test case uses the Maneuver Detection metmidsi both the public TLE catalog data and opersttiie data
and evaluates both against known maneuver timelgsphall for a number of Intelsat satellites. Irdélsrovides
weekly ephemeris files and maneuver updates famaber of satellites [5]. Four satellites were silédto compare
to the data from the public TLE catalog in orded&termine if maneuvers were detectable. By coingahe
results of the Maneuver Detection Method on theesaatellites with two data sources, it was possibkvaluate
the performance of the algorithm by treating therafor state data as the truth data set. Oneatinit of this
approach is that Intelsat does not provide covadgatata with their operator ephemeris, so thene ieady way to
assess the accuracy of the truth data set. Thesadt used for analysis are all active geostatipn
communications satellites which are regularly staliept using chemical propulsion. In order tofgren this
comparison, the Intelsat Keplerian element ephentaia files were converted to TLE format. In nuastes
Intelsat provided weekly ephemeris file updatesorder to compare these to the catalog TLE dagaephemeris
was propagated and TLE data generated in 12 hoteritents between operator states. This alloweMtresuver
Detection Method a fuller data set to process agpewed to the catalog data which is typically & day intervals.
For each spacecraft, data was created for the tefeke and the week after a maneuver. The Mandbetction
method was run on each data set with the resuttsrsuized in TableRrror! Reference source not found. All
analysis used the default algorithm settings withuming of parameters, see Table 1.

Five out of the six know of the known maneuversendetected in the operator state data. Usingub&gpTLE
catalog data two of four burns were detected withremaining two burns not counted because thesenatayet
enough post burn TLEs in the published catalogf diseodate of this analysis. The results demotestree
dependence of the maneuver detection algorithnm@md¢curacy and currency of the orbit state dateceo

Intelsat 1002 was the most extensive test casethige known burns over a period of three weekse dlgorithm
picked out all three in the operator data and twiood three in the public TLE catalog data. Thessrtrack metric
for both the operator data and the TLE catalog degashown in Fig. 13 and Fig. 14 respectivelye @liference
between the two figures clearly shows the increamésk in the TLE data relative to the operatotestiata. In the



operator data all three known burns are clearljphdsn the lower detection metrics plot as wellaisadditional
burn in early May.

In the case of Intelsat 905 and 907, the maneuwssrsuccessfully detected in the operator datahleue twas
insufficient post maneuver data from catalog datevaluate. The Intelsat 906 maneuver was nottitén either
the operator or the catalog data. It is possthu¢ this maneuver was very small or the operatta geovided was in
error.

Table 2: Results of Operator State Data Analysis

SCC Common Maneuver Maneuver Type Detected in Detected in TLE
Number Name Date Operator Data Data

28358 Intelsat 1002  5/15/2015 Not Specified Detécte Not Detected
28358 Intelsat 1002  5/29/2015 North-South Detected Detected
28358 Intelsat 1002 6/3/2015 East-West Detected eded
27438 Intelsat 905 6/6/2015 Not Specified Detected Insufficient Data
27513 Intelsat 906 6/7/2015 Not Specified Detected Not Detected
27683 Intelsat 907 6/4/2015 North-South Not Detécte Insufficient Data
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Fig. 13: Intelsat 1002 Operator Data — Out of Plandetric
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4.4 Slot Changes, Disposal and End of Life

INTELSAT2 (SCC#23175) was a commercially operat&DGommunications satellite launched in 1994 opelrat
for most of its life at 169°E. The following usabit state history data from June 2010 throughe RO1L1 to
illustrate the maneuver detection algorithms apitit detect burns other than station keeping burns.

The default parameters shown in Table 1 were usédtie exception of the Lead vs. Trail and LeadGesnter
maneuver thresholds which were set todfér Out of Plane and 0®for In Plane maneuver detection.

Fig. 15 shows the chain propagation results forENFAT2. As expected of a satellite that is no engerforming
station keeping maneuvers, the median values &R#dial and CrossTrack components are much |dveerfor
the previous cases.
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Fig. 15: Chain Propagation Results for INTELSAT2

Fig. 16 and Fig. 17 show the orbit state histony detected maneuvers for INTELSAT2. Since INTEL2AVas
not actively station keeping the frequency fit noethis not shown. In Fig. 17 it can been seenlWaELSAT2
performed a set of slot change maneuvers, presyrablsets of Hohmann transfers, in July througlydst of
2010. It then performed another slot change irte3eper through November of 2010. Both slot chamgeged to
a near-circular sub-sync orbit that caused thélisate drift to the East. Both sets of maneuwsese detected by
the algorithm as well as one likely false positigased on the effected orbit change the detetbédizange
maneuvers were likely approximately 0.5 m/s each.

After repositioning with two slot changes INTELSA®&PRpears to have transferred to a super-sync dikpdst
300km above GEO in January 2011. Following thedfer to the disposal orbit it appears that sewadditional
maneuvers occurred in March and April 2011 tharelt Semi-Major and Inclination slightly and al&ifted
RAAN. The detected post disposal maneuvers amloorated by public domain letters from Intelsattte Federal
Communications Commission [1] [2] indicating th&eathe disposal of the satellite significant amisuof fuel
remained requiring the additional maneuvers to/fdéplete the tank.
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4.5 Previously Studied LEO Satellite with Known Mareuver History

ENVISAT (SCC# 27386) is a retired European Spacenig civilian earth observation satellite in a LE@
synchronous polar orbit. Data for all ENVISAT mawers are publicly available, allowing for evaleatiof the
algorithm for detecting maneuvers versus truth, d&sVISAT was also one of two LEO maneuver detecti
examples used by Kelecy [6].

The default algorithm settings were changed, Tapte take advantage of the much more accuraté steie
knowledge for ENVISAT as compared to the GEO tesks, see Fig. 18.

Table 3: User settable algorithm settings

Tunable Parameter Default Value
Lead/Trail Range Filter 2 km
Potential Maneuver Threshold 40
Maneuver Flag Lead vs. Trail Threshold 0.750 (0.6 o In Plane)
Maneuver Flag Lead vs. Center Threshold 0.750 (0.6 o In Plane)
Frequency Fit Window 4 Days
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Fig. 18: Chain propagation results for ENVISAT

Over the analyzed period from January through 2008 all eight ESA reported maneuvers were detegitdtwo
false positives, Table 4. The detected maneuvers an average of four days after the ESA reponadeuver
epochs with a min of zero and max of seven dayg. 1P and Fig. 20 show the orbit state historjhwitaneuvers
overlaid. Detected maneuvers show a much higlgeasirre above the noise in the data then for th® G&ses.

Kelecy [6] analyzed Envisat with a different aldbm over a period of three years, spanning the aledifyzed here,
and reported successful detection of 49 out of ZBauvers with no false positives. The resultsgresl here
tentatively suggest that this method may be mdex¥e at picking out relatively small maneuversn the noise.
However more comparative analysis would be needed.



Table 4: Detected maneuvers as correlated to publied ESA maneuver data

ESA Reported
Type Date . Delta
Detected Detected Equivalent (Days) Notes
Maneuver
RI&C 1/21/2003 1/14/2003 7
RI 2/13/2003 2/12/2003 1
C 2/24/2003 2/21/2003 3 Large Inclination Maneuver
RI 3/9/2003 3/4/2003 5
C 3/17/2003 NA NA False Positive
RI 4/4/2003 4/4/2003 0
C 5/15/2003 5/14/2003 1
C 5/25/2003 5/20/2003 5 Large Inclination Maneuver
C 5/29/2003 NA NA False Positive
C 6/13/2003 6/7/2003 6
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Fig. 19: Out of Plane Maneuver Detection Results fENVISAT
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Fig. 20: In Plane Maneuver Detection Results for EMISAT
5. Summary and Conclusions

The results of this study demonstrate the algosthtfrility to characterize GEO spacecraft maneuistoty from
publicly available TLE orbit state data. Exampdédboth chemical and electric propulsion were shownthe case
of chemical propulsion with N-S and E-W station p@g maneuvers at bi-weekly intervals the algoritlves able
to determine the interval of the maneuvers as agltentify many of the individual maneuvers altijlosome were
missed due to noise in the data. For the elgotdpulsion case it was shown that the fact thas#iellite was
performing frequent low thrust station keeping masegs could be concluded from the TLE data alone.

The third test case compared the algorithms effetiss with the public TLE data versus more acewpérator
state data. It also confirmed the accuracy ofdagymature detections made in the TLE data, alth@egyleral other
maneuvers were missed. Test case four demonstad#sd challenging case where it was shown thgedanon-
station keeping maneuvers could be clearly detedtguilly, it was shown that for a LEO test caghere orbit
state knowledge was more accurate than the GE@adsss, that all eight known burns in a sampleogezould be
detected with two false positives.

Overall the approach was found to be effectiveharacterizing maneuver schemes that would othervése
undetectable from the noise in the data. Chaipgmgating the history of orbit states to common apand
comparing them in the RIC frame was found to beravenient and useful way of estimating the noiserfin the
data. In the discretely maneuvering case it waaddhat in some cases the maneuvers did not hiavgeaenough
signature relative to the noise floor to be detctil this case the frequency fit method of deteimg the historical
cadence of maneuvers was very useful in fillinthia big picture. Use of the max magnitudes of @ fRhme
comparison between orbit states over an intervaheforbit period was found to be a valid way afadensing
position and velocity differences down a single niget

Identified areas for improvement include identifioa of suitable evaluation metrics to allow autadimg of filter
tuning. It would also be useful to use the averagjee in the data to quantify the magnitude ofimlyequired to
allow detection with the given algorithms.
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