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SPACE EVENT DETECTION
VIA ROBUST TIME SERIES FORECASTING

Pradipto Ghosh’

The ability to detect sudden and unexpected changes in the ephemerides of
tracked space objects is a crucial feature of space event monitoring systems.
These changes may arise from actual space events such as satellite maneuvers or
collisions, from cross-tagging of space objects as might occur during a fly-by, or
even from inadvertently introduced defects in the orbit determination (OD)
workflow. Utilizing robust time series forecasting techniques, this paper intro-
duces a new method for detecting sudden changes in the ephemeris of a tracked
object. Test cases drawn from known space events demonstrate that the software
implementation of this method is able to flag each sequentially supplied orbit-
determined state as in- or out-of-family depending on whether the state is statis-
tically typical relative to a configurable look-back interval.

INTRODUCTION

The principal goal of Space Situational Awareness (SSA) is “understanding and maintaining
awareness of the Earth orbital population, the space environment, and possible threats.”.! Implicit
in this somewhat broadly stated objective is the need to be able to detect, or be aware of the involve-
ment of a tracked Resident Space Object (RSO) in any situation that has caused it to behave in a
manner that is atypical relative to its historically known behavior. The RSO in question may be a
space asset whose operational well-being is of paramount importance from an economic or national
security standpoint, thus making it crucial to be able to capture anomalies in its trajectory, or the ob-
ject could be a satellite suspected of possessing malicious intent whose out-of-character trajectory
changes must be noted prior to initiating further investigation. This paper presents a new method for
detecting space events given observed historical and current orbit state data by utilizing a univariate
time series forecasting method that is insensitive to the presence of past-event-generated outliers in
the data.

In one of the earliest works published in the open literature on systematically detecting space
events based on an existing database of tracked RSOs, Patera proposed a moving-window poly-
nomial filtering method to detect aberrant behavior in orbit elements.> The basic idea there is to
perform piecewise polynomial curve fit (in the least square sense) over sets of historical trajectory
data, compute the standard deviation of the fit error between actual data and the fitted surface at
pre-determined points, and then ascertain whether each error value exceeds the computed standard
deviation by a user-specified ratio. Although the polynomial degree and least square fit span are
“tunable” parameters in Patera’s work, no guideline is provided as to their choice. Swartz Jr. et
al. adopted Patera’s work to create a web-based space event monitoring system, and extended it by

* Astrodynamics Engineer, Analytical Graphics Inc., 220 Valley Creek Blvd., Exton, Pennsylvania 19341-2380, U.S.A.
E-mail: pghosh@agi.com. Member AIAA.

3985



presenting a systematic method of selecting the tunable parameters.’ Algorithms of both references
2 and 3 utilize Two Line Elements (TLEs) of tracked space objects as historic ephemeris informa-
tion. Yet another method of capturing anomalous elements in orbit data sequence was put forward
by Kelecy et al. which specifically focused on maneuver detection.* This method also used TLE
history to “learn” the to-date behavior of the orbit elements as a function of time, and is qualitatively
similar to the Patera method in that it also involved filtering the data by a polynomial fit. Maneuvers
are detected by comparing the difference between adjacent filtered segments with a user specified
threshold factor of the fit-error standard deviation. More recently, using TLE history as an input,
Lemmens and Krag reported a robust statistics-based maneuver detection method targeted partic-
ularly for LEO satellites.> The present research also applies robust statistical time series analysis
methods for identifying out-of-family OD data, but differs from the Lemmens and Krag work in
two significant aspects:

1) Lemmens and Krag pre-process an orbit element sequence by removing bias and certain har-
monic components before handing over control to a core maneuver detection module that con-
sists of fitting Thiel-Sen regression lines to local data windows and inter-quartile range compu-
tation as outlier threshold determiner. The method presented herein, on the other hand, applies
exponential and Holt forecasting methods on an orbit element time series to predict an ex-
pected numerical value of the element. It is in weeding out outliers in the input TLE-derived
time series that robust statistical methods are utilized.

ii) Whereas the Lemmens and Krag procedure is geared specifically toward LEO RSO maneuver
detection, the focus of this paper is on detecting abrupt changes in one or more orbital parame-
ters that may be indicative of a space event. Such an event is loosely referred to as “maneuver”
in this paper provided that the observed element value is different from the predicted value by
large margin; otherwise an anomaly is simply noted. Having detected an anomalous element,
an in-plane or out-of-plane maneuver may be suggested as likely if the discrepancy is large
enough, but no claim is made regarding the correct label of the event causing it; rather, the
intent is to raise an alert for undertaking further investigations.

The following section elucidates the space event detection algorithm, including the basic math-
ematical machinery and its software implementation. Test cases are presented next to demonstrate
the utility of the presented method in identifying orbit data anomaly, and finally, conclusions are
drawn.

SPACE EVENT DETECTION ALGORITHM

The basic concept underlying the validation of newly-received OD data as adopted in this paper
is simple: as soon as a new orbit state becomes available, one or more of its components is com-
pared with the corresponding forecast value based on its to-date sequence. If the forecast error is
extraordinarily high, an anomaly is suggested. This value, or a more “typical” value if it is deemed
an outlier, is then added to the data set to produce a new time series that is utilized for prediction and
comparison for the next orbit state data, and this process is repeated. Fig. 1 schematically depicts
the concept. Prediction is performed using robust exponential and Holt smoothers, the classical ver-
sions of which have traditionally found wide use in short-term financial time series forecasting.® By
default, the exponential smoothing model is used on an element sequence, unless it is expected to
demonstrate a trend, in which case Holt’s model is used. Examples of trended orbit elements are the
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semi-major axis of an uncontrolled LEO RSO subject to natural, drag-induced decay, or the mean
RAAN and argument of perigee under the secular perturbative effect of the second zonal harmonic
(J2).
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Figure 1: Outlier detection using time series forecasting

Mathematical Framework

Let X; = [as e iy wi )7 be the OD state under examination, and ¢ = {&, : k € I} be a
given evenly-spaced scalar time series of an orbit element with T = {1,2,...,¢} being the index
set and & € {ag, ek, ik, wk, Q. The corresponding epochs are {71, 72,...7;}. Note that using
the method presented herein, one or more orbit elements can be validated simultaneously. Given
this time ordered sequence of observation data, the classical exponential smoother computes the
smoothed time series (denoted by tilde) according to the following recursion relation:

& = ol + (1 — )€1 (1)

where oy € [0, 1] is the smoothing parameter that controls the degree of smoothing. A high value
of a; will lead to the majority of the weight being placed on the most recent observations, whereas
a smaller value of this parameter will imply the observations further in the past will have more
influence on the forecast value. Eq.(1) is a recursive computing scheme in which forecasts are
updated as each new observation arrives. A one-step-ahead prediction (denoted by overhat) from
exponential smoothing is given by the most recent smoothed value:

Enrip = &k 2

The classical Holt forecasting model is:
& = o+ (1— an)p 3)
Ly = (e — &k—1) + (1 — aat) Lk, oug, oz € [0,1] “4)

Eq.(3) is called the level equation whereas Eq.(4) is called the trend equation. One-step-ahead
forecast is obtained from:

o1k = &k + Li (5)
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The absolute value of the forecast error for both methods is simply:

lex| = € — &kl (6)

A notable deficit of the traditional exponential and Holt forecasting models formulated in Eqs.(1)-
(4) is that prediction using these models is unduly influenced by observation values that are unusu-
ally high or low relative to the to-date sequence members. In the context of orbital element anomaly
detection, this would imply that the predicted value of the element immediately following an out-
of-family observation would be biased toward that observation, and if the next OD value returns
to the “normal” level, then the subsequent several in-family values would be erroneously tagged as
unusual. On the other hand, if the few OD values immediately following an actual space event are
indeed atypical relative to the majority of the prior-to-event values, then a forecasting model not
robust to outliers in the time series may fail to label all of the first few post-event values as being
out-of-family. To counter these issues, robust versions of exponential and Holt smoothing methods
recently proposed by Gelper et al. are used in this work.” Following the modifications proposed by
Gelper et al., when a forecast has an absolute one-step-ahead prediction error exceeding a certain
threshold, then the corresponding observation is replaced by a “cleaned” one, labeled £, one that
results in a forecast error more “typical” of the historical forecast errors. The robust versions of the
exponential and Holt models are:

Robust Exponential: &, = oy + (1 — ozt)ék_l @)
Robust Holt: &, = a1y + (1 — 0¢1t)§:k—1 (8)
Ly = oot(§ — &k—1) + (1 — aat) Li, g, a2 € [0,1] ©)

where e .
§ = V(= K)pr + & (10)

Pk
and ]
v if |v| <k

V(v k) = { k sgn(v) otherwise ’ neR (In

is a family of the so-called Huber v functions. The quantity py, is the called the estimated scale of
forecast errors, itself dynamically computed through the recursion relation:

€
i = wp—’ﬂmn) + (=1, vER (12)

and the bi-weight loss function 6(-, -) is defined as:

m - —(£)2)3 i v K
e(y,m,{) 5_{ K[l (1 (") )] f | |<

m, otherwise
Eq. (10) implies that if, at a generic validation epoch, the magnitude of the observed element
exceeds its forecast value by xpg, a certain proportion of the predicted error scale at that epoch,
then that observation should be replaced by a tolerance or boundary value of:

& =& = & + kpy, (14)

Refer to Fig. 2 for a schematic representation of the cleaning process. Assuming a Gaussian distri-
bution of one-step-ahead forecast errors, a value of £ = 2 in Eq.(10) replaces any outlier exceeding
a 20 limit by the boundary value. A value of x = 2 leads to m,, = 2.52.7 The smoothing parameter
~ in Eq.(12) is selected to be 0.2.

., kER (13)
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Figure 2: Down-weighting outlying observations

Computational Aspects: There are two main computational considerations that have not been
formally addressed yet, namely, the selection of the smoothing parameters o, and initializing the
recursion relations Eq.(7) - (9) and Eq.(12). As alluded to previously, the smoothing constants
determine the sensitivity of the exponential and Holt smoothers to the most recent data points. In
this work, the smoothing constants at each OD validation epoch are selected to be those that lead to
the best forecasts on the past orbit data. Specifically, the optimal smoothing parameters are those
minimize the outlier-robust and data-scale-independent Mean Absolute Scaled (Forecast) Errors
(MASE) to date:?

13 N
> 6k — Erlaw)

-1z

« _ .
o = arg min

=] Cn=1,2 (15)
el 1) > &k — &k
=2

Taking the first p observations of the given time series as the “start-up” series, the following initial
condition is used for the exponential smoother:

(ginit)exponential = Med{fla 627 ) vfp} (16)

In other words, the initial smoothed observation is the median of the start-up sample or a “typical”
value from the sample. Also note that median is used as a measure of typicality instead of mean
because of its known robustness to outliers.” The initial values of the level and trend for Holt’s

smoothing model are determined by linearly regressing start-up observations {&1,&2,...,&,} vs.
{7’1,7’27 .. .,Tp}

(GnidHow = mp+c (17)

L = m (18)

where m is the slope of the linear regressor through the start-up samples, and c its intercept. Instead
of using the outlier-sensitive least squares regression (with a 0% breakdown point) to compute
m and ¢, a Thiel-Sen-Siegel repeated median estimator (with a 50% breakdown point) is utilized
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herein:!°
m = Med Med S_Y (19)
=1y j=1opy i 0 — §
c = ii\/lledp(&' — mi) (20)

For both the smoother models, the estimated error scale sequence is initialized by taking the Median
Absolute Deviation (MAD) of the forecast errors in the start-up period:

= M - M 21
Pinit k:l?.(.i,pkk k:l?.(.i7p6k| ( )

Note that the estimator on the RHS of Eq.(21) uses the sample median twice, first to estimate

the center of the error sequence to form the set of absolute residuals about the sample median

lex — .1\/1[ed €x|, and then to compute the sample median of these absolute residuals. MAD is a
i=1,..p

more robust estimator of scale than sample standard deviation, as the latter is greatly affected by
the presence of outliers. Using MAD, the effect of atypical OD data points even in the start-up
period is prevented from influencing future error estimates, thus minimizing the risk of spurious
event detections.

Algorithm Description

Although the analysis presented in this paper is applicable to any time-ordered sequence of or-
bital states, the data for the examples presented in the following section are mined from the TLE
catalog published on the world wide web by CelesTrak.!! The algorithm steps for each RSO under
validation are enumerated below, and summarized in the flowchart of Fig.3:

1) At a generic validation epoch ¢, retrieve the latest orbit state from a suitable source S (in this
case, the TLE database). Parse the state into the Keplerian set {ay, e, is, wy, 4 }.

2) For an element & € {ay, ey, it, w, 4 } under validation, query the orbit state data source over a
user-selectable look-back interval Aty,. The default setting for Aty is 120 days for LEO satel-
lites with typically more frequent TLE updates and 180 days for GEO satellites with typically
less frequent TLE updates. However, if one or more maneuvers is deemed to have occurred in
[7:— Atyp, 7¢] (details in the sequel), then truncate the time series prior to this event before passing
the series for statistical processing. Label this time series £ = {& : k € I}, 1= {1,2,...,t}.

3) If the time series from step 2 has length less than or equal to p, the start-up length, no conclusion
is drawn regarding the statistical typicality of & relative to its own history, and as such, return
its validation label as “Inconclusive” and store this result in the database (55). Wait for the next
data feed, and on receipt, increment ¢ by 1 and GOTO step 1.

4) If the time series length is greater than p, perform smoothing with the “cleaned” observation (see
Eq.(10)), compute the absolute prediction error €, normalized absolute prediction error:

let|

SR | E— 22
€norm, ¢ Med{ﬂl,~-~,pt} (22)

for the appropriate smoothing model depending upon orbit element and regime, as alluded to

earlier. Note that Eq.(22) measures the current prediction error in terms of typical, to-date error
scale. One of the following cases will arise:
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i) The normalized prediction error is less than an “upper threshold for no concern” (1, yaiid)
and the time gap A; = 7,—7;_1 between the current and previous OD epoch does not exceed
a specified factor of the median OD gap A; Meq = Med{Ts_1—T¢—2, T4—2—T¢_3,...,T2—T1}
to date, i.e.
€norm,t < Nu,valid NA <A At,Med; AeRy

In this case, mark the current element ¢; as in-family or “Valid”, store the result in S5 and
GOTO step 1. Note that it is necessary to impose a condition on the OD time gap A
because it has been noticed that there sometimes occur erratic delays in TLE publication
by USSTRATCOM. Recognizing the fact that the smoother models effectively perform
zero (exponential) or first (Holt) order hold extrapolation on smoothed data to predict the
next observation, it is easy to see that an out-of-family A; may itself cause an otherwise
ordinary €; to be labeled as anomalous. Therefore, a check must be present to prevent this
from happening.

ii) The normalized prediction error lies between 1), 44i¢ and a “lower threshold for invalid
OD”, 11 invalid> accompanied by a larger-than-usual gap between the current and the previ-
ous observation epochs, i.e

€norm,t S [nu,valida nl,invalid] A At > A At,Med

In this case, a higher-than-normal prediction error might have been caused due to a longer-
than-usual interval between successive state timestamps, and as such, no conclusion can be
drawn regarding the validity of ¢;. Therefore, mark the observation &; as “Inconclusive”,
store the result in the database Sa, return to step 1.

iii) The normalized prediction error enorm: € [Mu,valids M invalid] and current-to-previous OD
gap Ay < A Ay med. If this is the case, call the observation “Unexpected”, store the result,
and return to step 1.

V) €norm,t > Ml invalid- In this case, €; is considered unambiguously out-of-family or “Invalid”,
regardless of the OD time gap A;. However, if & € {ay, i, }, check if the current element is
the I"", | < p, successive invalid element in the sequence {&;_;, & j41,- .., &}

a) Ifyes, thenitis possible that the preceding [ —1 data points represent a post-in-plane/out-
of-plane maneuver sequence. Modify, in the database S> the validation label of the first
element & _; of the sequence from “Invalid” to “Possible Maneuver”, and the labels of
{&—2,...,&} from “Invalid” to “Inconclusive”, and go back to step 1.

b) If not, store the current validation result in S as “Invalid” and return to step 1.

5) Repeat.

The default (and arbitrary) choices for the parameters adopted here based on running a large number
test cases from various orbit regimes are: p = 10,1y vatid = 4, M invalid = 8, A = 8,1 = 5. Note
that in the above treatment, both “Unexpected” and “Invalid” express statistical atypicality of an
element, albeit in an increasing order of severity.
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APPLICATIONS
The Galaxy-15 Case

Orbital Science Corporation-built and Intelsat-operated Galaxy-15 (SSN # 28884) is a geosyn-
chronous communication satellite that was launched in October 2005 and placed at 133° W lon-
gitude, and is mainly used for relaying DirectTV signals within North America. The spacecraft
operated normally for more than 4 1/2 years until the occurrence of an anomaly on April 5 2010
at 09:48 UT when the vehicle suddenly ceased responding to station-keeping ground commands.
However, it was still able to maintain attitude, and keep its GPS WAAS broadcasting functional-
ity in tact. The upshot of this was that Galaxy-15 began drifting eastward uncontrollably with its
operators maintaining precise knowledge its orbital position. It was conjectured that heightened
geomagnetic activity associated with a solar storm initiated this malfunctioning of its command
control system. Intelsat was reported to have reestablished control of the vehicle on December 23,
2010 when it was located at about 93° W longitude, following which the satellite started responding
to commands again. It transpired that the vehicle’s reaction wheels eventually saturated, leading to
a loss of control authority required for proper sun-ward orientation of the solar panels. This in turn
led Galaxy-15’s command unit to reboot, making it receptive to ground commands once more.'?
However, Galaxy-15’s free drift through the heavily crowded geobelt gave rise to multiple cross-
tagging incidents with other RSOs, and these appeared as trajectory inaccuracies in the public TLE
catalog.!® Equipped with the knowledge that Galaxy-15 did not undergo any maneuver in its drift-
ing journey, the objective of this test case is to ascertain whether some of the cross-tagging events
could be identified as outliers by the algorithm under study.

Fig. 4 shows the evolution of the Galaxy 15 semi-major axis starting from October 5, 2009 to
December 10, 2011. It is apparent from the graph that the vehicle was indeed holding its altitude
more or less constant until control was lost, after which its semi-major axis started decaying, a trend
consistent with its reported eastward drift. Marked with asterisks on the figure are data inconsisten-
cies that resulted from Galaxy-15’s cross-tagging with other RSOs in the geobelt, notable amongst
them being its mis-association with Galaxy-18 during a fly past that occurred around August 13,
2010."3 A large change in semi-major axis is also evident in January 2011, which is possibly a
maneuver executed after control was regained.

Table 1 enumerates the epochs of the anomalies detected during Galaxy-15’s free drift, along with
the corresponding normalized prediction error magnitudes. It is interesting to observe that relatively
high values of €norm ¢ typically accompany cross-tagging incidents. Note that the association of high
prediction error values with their cause (such as cross-tagging) with certainty is beyond the scope
of this work; the motivation for including the event label with detected anomaly in Table 1 is to
emphasize that high prediction errors detected by the algorithm under discussion have indeed been
caused by actual space events identified elsewhere.'3
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Table 1: Galaxy-15 Event Detection Results

T as, km. ag, km. €norm, ¢ Event
4/9/10,7 : 56 : 56.45 42164.12 | 42166.19 | 167.51 Beidou, Elektro-L1 cross tag
4/10/10,2:42:09.25 | 42164.26 | 42164.04 | 7.90 Unknown
4/10/10,14 : 25 : 28.60 | 42164.09 | 42163.98 | 7.27 Unknown
4/11/10,6 : 07 : 01.55 | 42164.00 | 42163.93 | 5.49 Unknown
4/13/10,13 : 47 :26.74 | 42163.61 | 42163.85 | 22.44 Unknown
4/14/10,15 : 16 : 08.08 | 42163.59 | 42163.82 | 19.40 Unknown
4/15/10,2 : 49 : 27.79 | 42163.94 | 42163.62 | 39.94 Unknown
4/26/10,13 : 51 : 21.39 | 42162.87 | 42162.69 | 12.39 Unknown
5/4/10,14 : 52 : 01.60 | 42162.22 | 42161.83 | 15.82 Unknown
5/7/10,12 : 16 : 22.30 | 42161.96 | 42161.50 | 17.37 Unknown
5/11/10,12 : 48 : 51.93 | 42161.58 | 42161.04 | 17.00 Unknown
5/12/10,22 : 17 : 44.96 | 42160.51 | 42161.92 | 38.89 | Elektro-L1, Arabsat, SkyTerra-1 cross tag
5/13/10,14 : 59 : 46.23 | 42160.61 | 42160.86 | 7.18 Unknown
5/19/10,13 : 18 : 00.02 | 42160.31 | 42160.97 | 17.93 Arabsat 5B cross tag
5/24/10,12 : 59 : 39.28 | 42160.41 | 42160.12 | 7.54 Unknown
5/28/10,13 : 07 : 00.35 | 42159.46 | 42158.53 | 21.76 SES-1 cross tag
6/1/10,21: 36 : 00.00 | 42158.78 | 42159.05 | 5.75 Unknown
6/2/10,20 : 48 : 02.53 | 42158.84 | 42159.84 | 21.44 AMC 11 cross tag
6/4/10,13 : 28 : 48.097 | 42158.88 | 42158.56 | 6.68 Unknown
06/29/10,9 : 11 : 08.77 | 42157.23 | 42156.62 | 7.33 Unknown
06/30/10,13 : 06 : 30.41 | 42157.10 | 42156.40 | 7.89 Ciel 2 cross tag
7/7/10,18 : 27 : 55.43 | 42156.10 | 42156.75 | 6.53 Unknown
7/21/10,17 : 33 : 42.061 | 42155.18 | 42155.73 | 5.66 Themis-A, Hylas-1 cross tag
8/12/10,8 : 34 : 48.46 | 42153.54 | 42154.53 | 15.62 Galaxy-18 cross tag
8/13/10,16 : 01 : 05.71 | 42153.75 | 42150.68 | 49.69 Galaxy-18 cross tag
1/1/11,12:01:29.01 | 42150.58 | 42138.38 | 267.62 Possible in-plane maneuver
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Figure 4: The Galaxy-15 Incident

Orbview-3 Deorbit

GeoEye Orbview-3 (SSN # 27838), launched in June 2003, was a polar orbiting commercial
remote sensing satellite that completed its nominal mission in March 2007. The satellite’s atti-
tude control system was reported to be fully functional at that point. Although the vehicle’s orbit
would have naturally decayed, resulting in its eventual reentry into Earth’s atmosphere within the
recommended 25 year period, GeoEye decided to execute a controlled de-orbit and reentry so as
to minimize the risk of conjunction with other LEO objects, especially the International Space Sta-
tion (ISS). The de-orbit was implemented in two phases: Phase 1 consisted of 6 orbit-lowering
maneuvers that lowered the apogee below that of the ISS, whereas Phase 2 included 4 additional
maneuvers to further decay the perigee and effect a reentry and over the Pacific Ocean.'*

The actual epochs (or ignition times) of the maneuvers as executed and maneuver goals taken
from reference 14 are tabulated in table 2. Out of the six Phase 1 maneuvers, the first one was
a short duration (30 sec.) test/calibration burn, the second one was an unplanned debris collision
avoidance burn, also of short duration, whereas the rest were planned, longer duration orbit lowering
burns each lasting 280+ seconds.

Fig. 5 shows the altitude of the satellite starting from December 1, 2010, 12:22:07.17 UTC up
to March 13, 04:42:18:.09 UTC, the latter date being the epoch of the last available TLE for this
object from Celestrak. The abrupt changes in the satellite altitude, arising out of orbit-lowering
AV’s is clearly discernible from the figure. The altitudes at the maneuver epochs as detected by
the method under study are marked with square markers. Table 3 summarizes the event detection
results for this case. Note that while all six of the Phase 1 maneuvers were identified, only two of
the four Phase 2 maneuvers were detected. To investigate the reason, it may be recalled from the
algorithm description that an already-detected anomaly is not immediately classified as a maneuver,
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but rather, it is recognized as a possible maneuver only if [ successive values counting the anomaly
in question are consistently marked as “Invalid”. If at least [ data points are not available past an
anomalous OD, then a maneuver will not be captured. In the present case, the detection of the last
two maneuvers fails precisely owing to this lack of data. Also note the slight difference in time
between the ignition times reported in table 2 and the maneuver epochs appearing in table 3. This
lag is attributed to new TLE generation process after the occurrence of an event.

Figure 6 plots the inclination time-series of the satellite. Abrupt changes are apparent from the
graph, with those identified by the event detection algorithm marked with asterisks. From visual
inspection, it can be seen that there are no level changes followed by new trends, thus minimizing
the likelihood of out-of-plane maneuvers. Indeed, the event detection algorithm has not reported any
maneuvers by analyzing the inclination time series; from table 4 it is seen that only “instantaneous”
unexpected/invalid ODs are noted, some of them at approximately the same times as the maneuvers
were suggested. Collating the information from tables 3 and 4, it is thus a reasonable conjecture that
all of the de-orbit maneuvers were planned to be exclusively in-plane, with some transverse thrust
component perhaps arising from the non-ideal nature of the thrusting process.

Table 2: Orbview-3 Actual Deorbit Maneuvers

Maneuver No./ Phase Maneuver Start Time Maneuver Goal
171 12/22/2010, 12:52:34.200 | Lower perigee
2/1 1/2/2011, 6:50:32.887 Lower perigee
31 1/5/2011, 12:27:50.361 Lower perigee
4/1 1/7/2011, 13:05:49.722 Lower apogee
51 1/9/2011, 14:15:51.466 Lower apogee
6/1 1/11/2011, 17:18:25.000 | Lower apogee
172 3/5/2011, 15:28:03.000 Lower perigee
2/2 3/10/2011, 00:17:36.020 | Lower perigee
32 3/13/2011, 02:21:37.000 | Lower perigee
4/2 3/13/2011, 05:15:50.000 | Lower perigee
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Figure 5: Orbview-3 In-plane maneuvers
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Figure 6: Orbview-3 Inclination Events
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Table 3: Orbview-3 Detected In-plane Maneuvers

Event Epoch €norm, ¢
12/22/2010, 13:15:22.405 | 132.42
1/2/2011, 9:14:46.237 98.70
1/5/2011, 15:02:09.0557 | 1268.55

1/7/2011, 16:25:16.41 6126.18
1/9/2011, 16:02:58.97 959.52
1/11/2011, 18:27:14.31 | 1773.75
3/5/2011, 18:18:46.83 118.01

3/10/2011, 18:18:46.82 46.59

Table 4: Orbview-3: Results From the Inclination Time Series

Event Epoch €norm, t Event
12/22/2010, 21:02:00.00 | 7.93 | Unexpected OD
1/2/2011, 9:14:46.237 | 29.37 Invalid OD
1/2/2011, 12:30:12.46 | 22.16 Invalid OD
1/11/2011, 18:27:14.31 6.71 | Unexpected OD
3/5/2011, 18:18:46.83 12.07 Invalid OD
3/13/2011, 4:42:18.09 10.57 Invalid OD
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THEOS Orbit Control Maneuvers

THEOS (SSN # 33396), Thailand’s first Earth observation satellite, was launched on October 1,
2008 and placed in a near-circular Sun-synchronous orbit of nominal altitude 822 km. and nominal
inclination 98.7 °. Over the period February 2010 to December 2010, the spacecraft underwent three
Orbit Control Maneuvers (OCMs), the first two being station-keeping maneuvers and the last one an
emergency collision avoidance maneuver to avoid a piece of debris.!> The first OCM, split in two
sub-maneuvers and intended to be purely in-plane, reportedly took place on February 10, 2010. This
was a Ground Track Maintenance maneuver targeted to achieve a semi-major axis decrease of 40
km. which in turn was meant to check the vehicle’s orbital perturbation-induced ground track drift
and bring it back into the mission-required control band. The second OCM, executed on November
23, 2010, was intended to be a pure inclination change maneuver aimed at correcting the ascending
node local time (Local Solar Time, LST) of the THEOS orbit.! The target LST of THEOS is 22:00
hours within a + 2 mins. tolerance band. However it is known that for low-altitude Sun-synchronous
orbits, drag and lunisolar perturbations gradually disrupt Sun-synchronism, effectively altering the
LST in the process. The out-of-plane maneuver of November 23, 2010 was designed to impart
an inclination change of 0.0895 ° in order to revert the LST into its desired tolerance band. This
change in inclination was achieved in practice by distributing a single AV into four sub-maneuvers
at the orbit descending nodes. The third and final maneuver of the year took place on December
15, 2010, performed in order to avoid conjunction with an unknown object. This was again an
in-plane maneuver designed to lower the spacecraft orbit by 80 km., and was initiated based on a
JSpOC (Joint Space Operations Center) Conjunction Analysis Report.”> Table 5 summarizes the
maneuvers as reported in reference 15.

Figures 7 and 8 plot the semi-major axis and inclination evolution from January 1, 2010 to De-
cember 31, 2010. Also marked on the figures are the maneuvers suggested based on the publicly
available TLE data. Attention is drawn to the fact that the event detection algorithm has recognized
three instances of tangential thrusting instead of the intended two, and a single instance of normal
thrusting, see tables 6 and 7. Indeed, it is reported in reference 15 that although OCM 2 was planned
to be a pure inclination change maneuver, in practice, parasitic tangential thrust resulted in an unex-
pected change in the semi-major axis by 166 km., which was captured by the algorithm under study.
It may further be noted that the detected event epochs lag the reported burn centroid times, and that
instead of detecting the sub-maneuvers, a single cumulative maneuver has been identified in each
case. This should not come as a surprise because in addition to the known fact that published TLEs
epochs lag actual events, it is also the case that there is necessarily no one-to-one correspondence
between actual events TLE updates. It is thus likely that the effect of four consecutive thrusts in
quick succession (of the order of the LEO orbital period) was not manifested in a “lumped” fashion
in the published TLEs until later.
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Table 5: THEOS Reported Maneuvers

Maneuver Number

Burn Centroid Time | Maneuver Intended Effect

altitude, km

OCM 1, Burn 1 2/10/2010, 19:49:40 Raise orbit
OCM 1, Burn 2 2/10/2010, 21:31:08 Lower orbit
OCM 2, Burn 1 11/23/2010, 19:49:40 Change inclination
OCM 2, Burn 2 11/23/2010, 21:31:08 Change inclination
OCM 2, Burn 3 11/23/2010, 23:12:35 Change inclination
OCM 2, Burn 4 12/15/2010, 00:54:03 Change inclination
OCM 3 3/5/2011, 03:34:53 Lower orbit
836.04
TLE-derived semi-major axis m
[ Semi-major axis at event epochs
836.02 A
n
836 -
835.98 -
835.96 Fu A
[
835.94 — -
835.92 — -
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835.86 | | | | | | |
Jan 2010 Mar 2010 May 2010 Jul 2010 Sep 2010 Nov 2010 Jan 2011

TLE epochs

Figure 7: THEOS In-plane Maneuvers
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Figure 8: THEOS Out-of-plane Maneuver

Table 6: THEOS Detected In-plane Maneuvers

Event Epoch €norm, ¢
2/11/2010, 19:22:00.70 | 9.98
11/24/2010, 11:00:46.99 | 93.00
12/15/2010, 20:53:58.04 | 16.29

Table 7: THEOS Detected Out-of-plane Maneuver

Event Epoch €norm, ¢

11/24/2010, 11:00:46.99 | 164.56

CONCLUSIONS

This paper presented a novel method for flagging newly-detected orbit states as in/out-of-family
using outlier-robust time series forecasting techniques. A unique feature of this algorithm is that,
unlike some of the existing event detection methods in the open literature, it is not restricted to a
particular orbit regime, such as the LEO or GEO. Apart from being able to detect anomaly in each
component of an orbit state, the algorithm is also able to identify events as “maneuvers” if abrupt
and permanent change in the orbit’s shape and orientation occurs. Furthermore, its usefulness is
not restricted to detecting maneuvers only; maneuvers were indeed identified, and further classified
as in/out-of-plane, but so were other instances of anomalous OD as borne out by its sensitivity to
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anomalies arising from orbit mis-associations. It is also worthwhile to note that validation of an
orbit state is based on time-series prediction using explicit algebraic expressions, requiring minimal
computational effort, thus making the software implementation a suitable component of an on-line
space event monitoring system for an increasingly populous space catalog.

One of the assumptions implicit in the time series forecasting methods adopted in this paper is that
the series of observations or OD epochs under consideration is evenly-spaced. This is approximately
true for regularly tracked objects in the space catalog. Another factor worth noting is the fact
that for suggesting maneuvers with some degree of confidence, several post-event observations are
necessary in order to be able to discern a trend in the level-shifted post-event series. In the absence of
this requisite number of observations, a maneuver-type event may not be detected as such, although
an anomaly will be noted. An instance of this behavior was seen in the Orbview-3 example.
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