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1. Introduction

The increasing number of Resident Space Ob-
jects (RSOs) and congestion of the orbital de-
bris environment cause activities for catalogu-
ing of space objects to become more challenging
year after year. The main source of potential
new object detection corresponds to manoeuvres
of operational satellites 1], which cause those
satellites to be in orbits unexpected by catalogu-
ing systems. Detecting manoeuvres is crucial for
maintaining catalogues of RSOs, since otherwise
duplication of objects and degradation of
the precision of the orbital states might oc-
cur. Both these effects lead to a loss in accuracy
of catalogues, which is reflected on the overall
quality of the services provided by a SST opera-
tor. The consequences might be even extremely
dangerous: as example, high-risk collision events
might not be predicted sufficiently in advance or
re-entry analyses might be completely imprecise.

2. Scope of the thesis

The scope of the thesis is to present a novel
and operationally feasible methodology for ma-
noeuvre detection and estimation, which shall be
included as part of maintenance chain for RSOs.
The methodology is conceived for a foreseen real
time application, so particular care is given to its

computational efficiency. Manoeuvre detection
and estimation are posed as a track-to-orbit as-
sociation problem between the orbit of an RSO,
estimated some days before the manoeuvre, and
a set of uncorrelated tracks, received afterwards.
Manoeuvre estimation is a two-step process:

1. starting from the UCTs and the pre-
manoeuvre orbit, a first guess for the ma-
noeuvre is estimated employing a batch-
least squares parameter estimation method
with a simple dynamical model.

2. a refined manoeuvre estimation and post-
manoeuvre orbit are computed via high-
fidelity batch least-squares orbit determina-
tion.

Due to the impact of the manoeuvre on orbital
dynamics, most post-manoeuvre tracks will not
be correlated against any object in the cata-
logue. Such tracks, if compared to the pre-
manoeuvre orbit in the measurements space, can
show high residuals. Hence, the latter are em-
ployed in the detection strategy, where the oc-
currence of a manoeuvre is determined when cer-
tain thresholds are exceeded. The potential ma-
noeuvre is estimated at first by following an op-
timal control approach, where the velocity in-
crease (i.e., a AV) is used within a cost func-
tion. This algorithm is an evolution, adapta-
tion and extension of a methodology presented



by Pastor et. al [1]. Differently from the previ-
ous work, focused on the GEO regime, the work
presented here targets LEO objects, subject to
faster and more non-linear dynamics; to this
aim, the development of an improved prop-
agation model for the manoeuvre estimation
process is presented with the goal of minimising
the associated computational cost while main-
taining reasonable accuracy for the LEO regime.
This task represents of the major contributions
of the following dissertation. The result of the
estimation is a pool of possible solutions, from
which a proper a-priori estimate is chosen
according to a selection criterion based on the
weighted errors of the residuals and on the con-
trol effort. The selection strategy is an evolution
of the one proposed in GEQO. Figure 1 presents a
flow chart of the cataloguing maintenance phase,
in which the role of the proposed algorithm to
get the first manoeuvre estimate is highlighted.
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Figure 1: Catalogue maintenance accounting for
manoeuvres.

The methodology is presented for a single-
satellite scenario, considering just one RSO or-
bit and sets of tracks belonging to the very
same object. Nonetheless, it can be trivially
extended to a wider multi-target association
framework. In fact, if one considers a typical
surveillance scenario with multiple orbits, the
estimated manoeuvres can represent a prelim-
inary link, or hypothesis, established between
the UCTs and the object. The union of these
hypotheses builds up an association tree, which
needs to be evaluated and pruned in order to
finally promote the best correlation which con-
nects the involved catalogued orbit and the pro-

cessed observation data. The estimation of the
post-manoeuvre orbit and the manoeuvre it-
self has mediocre accuracy if only measurements
from a single post-manoeuvre track are used, los-
ing the ability to associate future tracks. Hence,
the track-to-orbit correlation process must be
preceded by a track-to-track association step
(developed by Pastor et al. [2]), used to clus-
ter together enough post-manoeuvre tracks cor-
responding to the same RSO. This is of course
trivial in scenarios where tracks are known to
belong to the same object, but is a fundamen-
tal step in the multi-target multi-sensor associ-
ation framework. The employment of the track-
to-track association process allows to reach es-
timation accuracy analogous to no-manoeuvre
scenarios if enough tracks are gathered. Tests
are performed considering a simulation scenario
including radar tracks, providing a clear un-
derstanding of the performances of the method-
ology and serving as a basis for the development
of the multi-target association framework. Re-
sults are presented and discussed, emphasising
the benefits and the limitations of the overall
approach.

3. Methodology for manoeuvre
detection and estimation

3.1. Manoeuvre detection

As a spacecraft performs impulsive manoeuvres,
due to the change in the velocity, a divergence in
the residuals with respect to the pre-manoeuvre
orbit is expected to be noticeable. This diver-
gence is sought in the measurements space, since
a post-manoeuvre orbit cannot be reliably es-
timated from a single track [3]. Consider the
pre-manoeuvre orbit under analysis (with sub-
script A), estimated with pre-manoeuvre tracks.
The ephemerides of such orbit can be propa-
gated with a high-fidelity numerical propagator
in time defined by the variable ¢, computing the
trajectory of an extended state vector as:

ya(t) = [xa(t),pa ()] e RO (1)

The first part of the vector, x4 (t) € RS, is
the aggregation of the Cartesian position vec-
tor r (t) € R? and velocity vector v4(t) € R3.
On the other hand, the vector py (t) € R™ is
a set of dynamical parameters. Consider now
a possible post-manoeuvre track. It can be de-



composed into a set of observations {zy}, where
each z; = z(t) is a vector containing separate
measurements taken at the observation times t;,
for k =1,..., K, with K being the total num-
ber of observations in the track. The selected
metric for manoeuvre detection is the weighted
root mean square residual of each measure-
ment type in the track with respect to the pre-
manoeuvre orbit:

1 X P2k
2
WRMS; = | == > > (2)
k=1 i
where the index i = 1,...,I refers to the

type of measurement. The term p; = 2z —
h (tx, x4 (tx)) represents the residual of the i-
th type of measurement at the epoch of the k-
th observation (t). The function h (tx, x4 (tx))
is an analytical model to reconstruct measure-
ments starting from the state vector of the pre-
manoeuvre orbit. The denominators o; are the
standard deviations of the measurements, quan-
tifying the expected 1-sigma noise of the sensor
for a given measurement type. A manoeuvre
is expected to have occurred if the WRMS of
a single track crosses a threshold called abso-
lute WRMS threshold. The selection of its value
descends from a trade-off: the threshold should
be sufficiently low to trigger true manoeuvre de-
tection, but also sufficiently high to discard any
possible outlier and avoid false manoeuvre de-
tection. A challenging case for this approach
is encountered when, in the case of low magni-
tude burns, the first post-manoeuvre track ar-
rives closely to the manoeuvre epoch. As only
a short time period after the manoeuvre has
passed, the divergence of the observations could
be not sufficiently high to overpass the thresh-
old. The robustness of the strategy is improved
with the application of a secondary thresh-
old (as opposed to the primary threshold): if
a post-manoeuvre track is detected through the
primary threshold, the algorithm looks to the
past to find tracks that exceed the secondary
threshold. Since these past tracks are supposed
to show a smaller divergence with respect to the
one detected with the primary threshold, the
value of the secondary threshold should be lower
than the primary.

3.2. Manoeuvre estimation

The manoeuvre detection scheme provides a set
of tracks which are labelled as post-manoeuvre.
These can be decomposed into the observations
{z;}, where each z; = z (¢;) contains all the mea-
surements taken at the observation times t; for
[ =1,...,L, with L being the total number of
observations in all tracks. At a certain epoch,
defined as tp;, an impulsive manoeuvre is as-
sumed to take place. The pre-manoeuvre or-
bit x4 (t) will therefore drift towards xp (¢, u),
named post-manoeuvre orbit (or also orbit B).
Given the hypothesis of impulsive burn, the two
orbits intersect at tp;: their position vectors
are the same, while the difference in velocity
is given by the manoeuvre u € R3, such that
vp (tar) — va (tar) = u. The manoeuvre u oc-
curring at tps is found as the one that minimises
the residuals of the true observations {z;} with
respect to the post-manoeuvre orbit xp (¢, u)
(as represented in Figure 2). This methodology
was already developed for manoeuvre estimation

of GEO objects [1].
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Figure 2: Graphical representation of the ma-
noeuvre estimation method.

This is equivalent to a parameter estimation
problem using u as solve-for parameters, while
keeping tjs fixed to a given value, as it was
proven that a joint estimation is unsatisfactory
due to the non-linearities of the problem [1]. The
residuals at each observation time ¢; can be com-
puted as p; = z(t;) — h(t;,, xp (t;,u)), which
is a vector of dimension equal to the number of
considered measurement types (denoted as I).
The goal is to find the manoeuvre which best fits
the observations in a least-squares of the resid-
uals sense. This is achieved by minimising the
following cost function:
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The matrix W e R/*! is the weighting ma-
trix, which accounts for the expected errors of
the measurements and puts into effect the non-
dimensionalisation of the residuals. Assuming
that the errors are non-correlated, W is a di-
agonal matrix with its components being the
squared inverse of expected uncertainties o; of
the measurements. The cost function might be
rewritten by considering a linearisation of the
residuals with respect to a reference value for the
manoeuvre u* [4], which becomes then a func-
tion of the correction Au. The search for the
minimum of J results in the following normal
equations, solved iteratively with the initial so-
lution u* = 0 (updated at each step):

(GTWG) Au = (GTW) Az (4)

The term Az = >,z — h(t, xp (t;, u*)) € Rf
represents the difference between the true mea-
surements and those reconstructed from the ref-
erence trajectory x35(t;) = xp(t, u*). The
term G € R'*3 is instead the Jacobian, which
represents the partial derivatives of the measure-
ments with respect to the estimated parameters.
It can be computed as a sum of the contributions
of each observation:

ah (tl, XB (tl, u*))
G = Z ou

Z h (i, xp (t, u*)) 0xp(t, u*)
aXB tl, )) ou

(5)

3.3. Selection of first manoeuvre esti-
mate for subsequent re- estima-
tion

The normal equations must be solved for a set of
tar values comprised in an interval 7' (from the
last track used to estimate the pre-manoeuvre
orbit to the first post-manoeuvre track being
considered). Hence, the output of the algorithm
is a pool of solutions for every tp; € T, each
one associated to a WRMS and to an estimated
manoeuvre u. A simple strategy is proposed
to retrieve the most suitable a-priori estimate
(that is a combination of #3; and 1):

1. the global minimum in terms of WRMS
(Equation (3)) is detected and then just the
solutions with a value of v/.J lower than
the 115% of the minimum are retained.

2. among this set, the solution associated to
the lowest control effort |l (with |(-)]]
representing the norm of a vector) is even-
tually selected.

v/ J is selected as the leading metric for the
short-listing as it quantifies the quality of the
estimation. The rationale behind second step in
the selection strategy is that manoeuvres per-
formed by satellites are normally designed to
be optimal. The current percentage value for
taking the solutions with minimum WRMS has
proven to be a reasonable value, as it allows to
locate the local minima regions and to account
for the errors introduced by the discretization of
T. The selection criterium is slightly different
from the previous one [1], where the best solu-
tion was taken as the one with lowest |a| but
just among the local WRMS minima, without
considering any margin for enlarging the pool. It
is important to remark that this selection strat-
egy is intended to be as simple as possible at de-
riving a reliable first estimate and is tailored to a
single-satellite scenario. Further developments,
aimed at extending the correlation problems to
multiple RSOs, shall be posed in a multi-target
association framework. Once that the a-priori
estimates for the manoeuvre time and guess have
been found as described above, it is possible to
perform a high-fidelity orbit determination pro-
cess, with a numerical propagator, which deter-
mines the post-manoeuvre orbit and refines the
initial guesses.

3.4. Development of a dynamical
model for manoeuvre estimation

The last step required to complete the manoeu-
vre estimation algorithm is to define a dynam-
ical model for xp (¢, u), required for the com-
putation of the predicted measurements and of
the matrix G. The requirement of computing
multiple solutions for a set of tp; values be-
fore the final selection imposes a requirement
to have a computationally efficient propagation
algorithm. For this reason, a simple, fast and
yet sufficiently accurate dynamical model par-
tially based on linear dynamics is developed.
The model is an improvement of the fully-



linear one employed in manoeuvre estimation of
GEO objects [1]. A product of the orbit de-
termination process and propagation of the pre-
manoeuvre trajectory is the state transition
matrix ¢ (¢,ty), estimated with respect to a ref-
erence time #g. This matrix represents the linear
mapping between the initial state vector x4 (¢o)
and the state vector at any time ¢:

[0 (t, 750) — LA(t)

0x 4 (to)
The post-manoeuvre trajectory of xp (¢) can be
found from a Taylor expansion with respect to
a reference, taken equal to x4 (t), and retaining
the zero and first order terms:

c R6><6 (6)

0xA

xB(t) ~ x4 (1) + oo (1) (x —x%) (1)
A

where X% and x% are the considered initial state
of the two trajectories. Considering the begin-
ning of the propagation at ¢ = t,s, which is
the manoeuvre epoch, the post-manoeuvre state
can be simply obtained through the derivative
0x.4/0xY (which is the STM of orbit A referred
to tar, namely @ (¢, tpr)) and the difference be-
tween the initial states, equal to the manoeuvre
u, since:

x) = x4 (t = tu) (8)
x% = xp (t =ty, u) = x4 +[0,u]’  (9)
Separating the contributions due to the central
motion and due to perturbations in the STM,
and retrieving the Keplerian dynamics in its full
linearity, the final expression of xp (t, tys, u)
can be written as:

XB (t, ty, u) = XA (t) +
+ [XB,K (t, tar, u) — XA K (t, tM)] + (10)
+[@ (¢ tar) — Pi (E, tr)]yy -1

The subscripts (-)xv represents the submatrices
of the partial derivatives with respect to just the
velocity components, as the difference in the two
initial states does not have any position compo-
nent. The term [xp i (¢, tar, ) — x4,k (¢, tar)]
represents the difference between two fully non-
linear Keplerian trajectories, propagated from

the initial states in Equations (8) and (9). The
matrix ®x (¢, tyr) is instead the state transition
matrix related to x4 x (t, tar), computed via a
numerical scheme (2" order central differences).
In the former work by Pastor [1], the dynamical
model for describing the post-manoeuvre trajec-
tory considered both the Keplerian motion and
the perturbations under linear dynamics:

X (t, ta, u) =x4 (8) + @ (¢, ta)xv -u (11)

Having derived the equation of the dynamical
model, it is required to define an expression for
0xp(t, u) /ou (for a fixed tps) to build up the
contributions to the normal equations matrix
(Equation (5)). Differentiating Equation (10)
with respect to u:

oxp(t,u)  0xp(t,)
ou du (12)
+[® (t,tm) — Pr (¢, tar)] sy

The first term on the right-hand side is the
state transition matrix of the Keplerian trajec-
tory xp k (t, u), since a variation of u directly
implies a variation on the initial state x%. The
reason behind the development of this enhanced
version of the linear model, which will also be
referred to as Keplerian + linear perturba-
tions model (Equation (10)), is the foreseen
application in LEO, where dynamics are faster
and subject to higher non-linearities if compared
to the GEO environment.

4. Results

4.1. Results of the accuracy tests for
the dynamical models

The presented dynamical model is tested to de-
fine its performances. It is compared against a
high-fidelity numerical propagator, to determine
the level of error reached in the propagation,
and against the linear propagator previously em-
ployed for manoeuvre detection of GEO objects,
to assess the benefits of using this newly devel-
oped model. The subject of the tests is a LEO
object, whose characteristics are reported in Ta-
ble 1. The orbit of the satellite is propagated
for a total of 5 days, considering a manoeuvre
to happen after 1 day of simulation.

To begin with, two high-fidelity propagations
is performed. The force contributions included



Epoch September 5", 2018, 00:00
Position r  [3528.52, —4599.69, 4232.54]" km
Velocity v [—3.72, 2.59, 5.91]" km/s

Mass 1000 kg

Area 10 m?
Drag coeff. 3.334
SRP coeff. 0.967

Table 1: Characteristics of satellite for propaga-
tion accuracy test.

in the dynamical model are reported in Ta-
ble 2. The propagation generates the trajectory
of x4 (t), required for both the linear and the
Keplerian + linear perturbations models. The
second one, considering an impulsive manoeu-
vre equal to [10, 10, 10]” em/s in the Radial —
In-track — Cross-track (RIC) frame, generates
x5 (t) (which is taken as a reference for com-
parison). The two linearised dynamical models
are used to compute two trajectories consider-
ing the same manoeuvre. The results of the test
are presented in the plot through the Root Mean
Square Error (RMSE), divided in position and
velocity components, of the difference between
the high-fidelity and the approximated trajec-
tories, namely the RMSE of x5"™ — xp and of
x5 — x'5. The difference in the position com-
ponents is defined as Ar, while the one for the
velocity components is Av. The errors are aver-
aged in rolling mean over time windows approxi-
mately equal to an orbital revolution of the satel-
lite (computed at t); after the manoeuvre). In
each of the plots, the vertical dashed line repre-
sents the manoeuvre epoch. An important dif-
ference in the performances of the two models
can be observed. Errors reach up to 700 m and
0.8 m/s for the linear model, while ~ 400 m
and 0.4 m/s for the other one. It is also notice-
able that the propagation with the Keplerian +
linear perturbations model starts diverging ap-
proximately one day later than the other one.

4.2. Setup of simulation scenario

The combined manoeuvre detection and estima-
tion algorithm is tested by setting up a simula-
tion scenario resembling a cataloguing mainte-
nance chain. The subject of the tests is Sentinel

3-A, which is on a low-eccentricity polar orbit,
with a nominal altitude of 814 km and inclina-
tion of 98.65°. The time window considered for
the simulation starts in 2017 and ends in 2019.
The satellite performs a total of 22 manoeuvres,
with burn magnitude varying from a few mm/s
to m/s. Manoeuvres are either impulsive, with
duration in the order of a few seconds, or long,
with duration between 12 and 15 minutes. Both
the initial orbit and manoeuvre history are pub-
licly available [5] [6]. With such manoeuvre his-
tory, an orbit is propagated for the three years
and simulated tracks are generated considering
one radar located in mainland Spain, having a
pyramidal field of view with 43.2° x 30° in semi-
aperture. The noise is added to each observation
in the tracks as a random number picked from
a Gaussian distribution function with standard
deviations equal to 10 m for 2-way range, 1000
mm/s for 2-way range rate and 300 mdeg for
angular measurements.

The simulation is run by considering observa-
tion windows composed of 18 successive tracks
each. Consecutive windows are shifted by just
1 track, in order to be able to analyse the ef-
fect of single tracks. The workflow resembles the
scheme reported in Figure 1. For each window,
the manoeuvre detection strategy is applied and
if post-manoeuvre tracks are discovered,
the estimation algorithm is run. If the manoeu-
vre is estimated with up to 3 post-manoeuvre
tracks, the estimates are just stored as they are
not considered to be fully reliable. On the other
hand, if a manoeuvre is estimated with associ-
ations of 4 post-manoeuvre tracks (enough
to estimate a full orbit [3]), the estimates are
deemed to be reliable, and the manoeuvre is
considered to be confirmed. The a-priori esti-
mate is used to compute a post-manoeuvre or-
bit via batch-least squares orbit determination
(employing the numerical propagator reported
in Table 2). The manoeuvre itself, in its compo-
nents and epoch, is added as a dynamical pa-
rameter to be re-estimated (along with the
state vector of the satellite). The selection of
4 as the number of post-manoeuvre tracks for a
manoeuvre to be confirmed is suggested from the
analysis of the test cases. This is in-line with the
results of literature regarding track-to-track as-
sociations [3|, which states that 3 or 4 tracks are
usually sufficient to obtain correct correlations.



Gravity field

30 x 30

Atmospheric drag

MSISE90 model

Moon gravity

Third body perturbation + J2 gravity interaction

Third body perturbations

Sun and other planets

Planetary tides

Solid tides only

Solar radiation pressure

Cannonball model

Table 2: Force models of the high-fidelity propagator.
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Figure 3: Results of the accuracy test for the dynamical models.

Good estimates could also be obtained with 2
tracks, but this proved to not be always the case.
There are cases in which, after a manoeuvre is
confirmed and estimated with 4 tracks, manoeu-
vre detection is triggered in the subsequent ob-
servation window, meaning that the WRMS of
the post-manoeuvre orbit is still high and the
estimation was not satisfactory. This situation
occurs when the true manoeuvre that was tried
to be estimated is a long burn (in the order of
10-15 minutes, which is a non-negligible portion
of the orbital period). This occurrences are due
to the limitations of the proposed manoeuvre es-
timation algorithm, which correlates the orbit to
the tracks via an impulsive burn.

4.3. Results for manoeuvre detection

The primary and secondary thresholds to trigger
manoeuvre detection are set to 5.0 and 2.5 re-
spectively. For the application of the secondary
threshold, it has been selected a maximum of
14 hours to look for previous post-manoeuvre

tracks. This value is slightly greater than the
generic revisit time of a LEO satellite on a polar
orbit. The following definitions are adopted:
1. the true manoeuvres which are correctly de-
tected are labelled as true positives.
2. manoeuvres which do not occur but are still
detected are named false positives.
3. true manoeuvres which are not detected are
defined as false negatives.
The selection of these thresholds for the WRMS
metric proves to be robust for manoeuvre detec-
tion. All 22 manoeuvres in the simulation time
span are correctly detected, leading to 22 true
positives and 0 false negatives. Even so, false
positives are triggered in cases with long burn
times, as the estimation of the post-manoeuvre
orbit and of the manoeuvre itself, as already
stated, can be poor and generate high track
residuals. Some statistics regarding the per-
formances of the manoeuvre detection strategy
are reported through a confusion matrix in Fig-
ure 4. There are three cases where the first
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Figure 4: Confusion matrix for manoeuvre de-
tection.

post-manoeuvre track is not immediately de-
tected. This can be attributed to the fact that
it arrives closely to the burn epoch and that
the corresponding manoeuvre has relatively low
magnitude. Nevertheless, the information about
these observations are recovered and employed
for manoeuvre estimation as soon as the second
post-manoeuvre track, detected via the primary
threshold, arrives, thanks to the application of
the lower secondary threshold.

4.4. Results for maneovure estima-
tion

In order to understand the general performances
of the proposed two-step estimation methodol-
ogy, this subsection presents an overview of the
results obtained for the estimation of the 22 ma-
noeuvres performed in years 2017, 2018 and 2019
by Sentinel 3-A. The two parameters which are
considered to define the quality of the manoeu-
vre estimates are the errors in the estimated vec-
tor and the estimated epoch. Figures 5 to 8 re-
port the distributions of the estimation errors of
the epoch and of the relative manoeuvre magni-
tude error (knowing the true manoeuvres). The
smaller graphs in each figure represent the distri-
bution (and the Cumulative Distribution Func-
tions) of the solutions according just to the mag-
nitude error (on top) and the epoch error (on
the right). The plots are presented for associa-
tions of an increasing number of post-manoeuvre
tracks, from 1 to 4. Defining an association of
post-manoeuvre tracks as a set of tracks {1, 2,

3, 4}, the associations in the distributions are
{1}, {1, 2}, {1, 2, 3} and {1, 2, 3, 4}. The
graphs on the top of each figure report the es-
timates coming from the estimation algorithm
(using the Keplerian + linear perturbations dy-
namical model), while those below are the sub-
sequent re-estimations of the first guesses em-
ploying high-fidelity orbit determination. The
distributions on top sides show that, for an in-
creasing number of post-manoeuvre tracks, the
estimation error on both magnitude and epoch
of the estimation algorithm tends to decrease, as
well as the dispersion of the points. Associations
of 1 track cannot be considered reliable since er-
rors can reach very high values for both mag-
nitude and epoch. The estimation is mediocre
since a low number of measurements is involved
and, at times, also because the track is received
shortly after the manoeuvre. For associations of
2 tracks, errors can reach up to 200% in magni-
tude and 800 minutes in epoch, which drop to
75% and 150 minutes for 3 tracks, and finally
to maximum 60% and 100 minutes for 4 tracks.
This confirms the choice of 4 as the number of
post-manoeuvre tracks to confirm a reliable first
manoeuvre guess, since the errors are at their
minimum and the dispersion of the points is the
lowest among all associations; nonetheless, also
associations 3 tracks can be eventually consid-
ered with a higher degree of uncertainty on the
estimation. The outliers in terms of manoeu-
vre epoch are represented by long burns, which,
as already stated, are not properly evaluated by
the estimation algorithm and ambiguities in the
selection of the first estimate arise. Associat-
ing more than 4 tracks could be beneficial but
also lead to poor estimations, since the dynam-
ical models (both the linear one and the Keple-
rian + linear perturbations) could start diverg-
ing for tracks far from the manoeuvre epoch in
cases of higher magnitude burns. Moreover, the
computational cost of the manoeuvre estimation
algorithm would increase as more measurements
should be processed. On the other hand, the dis-
tributions at the bottom, related to high-fidelity
orbit determination, show how the estimation
error and the dispersion can improve in the sec-
ond iteration of estimation. It is possible to no-
tice that, for all numbers of associated tracks,
this step benefits both the error on magnitude
and epoch, though having a greater impact on



the first one than on the second. This result
was expected, as this estimation step is multi-
parameter (since it considers both the manoeu-
vre vector and epoch) and is supported by a nu-
merical propagator with higher fidelity.
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Figure 5: Distribution of manoeuvre esti-
mates (top) with estimation algorithm and high-
fidelity orbit determination (bottom) (1 track).

5. Conclusions

A novel approach for manoeuvre detection and
estimation, conceived for an operational sce-
nario, has been developed and tested for a single
LEO satellite. The detection strategy is based
on metrics that rely on the residuals of observa-
tions, while the estimation algorithm is a two-
step process which employs parameter estima-
tion at first and posterior high-fidelity orbit de-

III L
2.5 ¥ 8
0.0 0 . 260" COF,
800 800
= 600 600
£ 400 400
S 1
|
3 200 200
T . 0
-200f ¢ -200
0 100 200 10
([lal] = [[al[)/[[u]] [%]
(a)
0.0 0 25 50 75 ¢
800 800
= 600 600
£
S 400 % 400
|
3 200 200
0 b . . 0
-200 : -200
0 25 50 75
(Nl = Tul)/[|u]] [%]
(b)
Figure 6: Distribution of manoeuvre esti-

mates (top) with estimation algorithm and high-
fidelity orbit determination (bottom) (2 tracks).

termination. The estimation algorithm requires
the definition of a selection criterion to choose
the most suitable guess among a set of different
solutions. Results were presented and discussed
for both the detection and estimation method-
ology. The first one was able to detect all the
true manoeuvres, while false manoeuvre trigger-
ing was only encountered after the estimation
of long burns. The manoeuvre estimation al-
gorithm was tested with the Keplerian + lin-
ear perturbations dynamical model, whose aim
is to increase accuracy while keeping the com-
putational cost extremely low, as required when
using this approach in a multi-target situation
for association purposes. The newly developed
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Figure 7:  Distribution of manoeuvre esti-
mates (top) with estimation algorithm and high-
fidelity orbit determination (bottom) (& tracks).

model is the major contribution of this work
to the evolution of the work presented in [1].
The results of the two-step estimation process
were presented. It was shown that the estima-
tion algorithm, along with the selection crite-
rion based on WRMS and on the control ef-
fort (adapted from the previous GEO analysis),
can provide satisfactory results as the number
of associated post-manoeuvre tracks increases.
In this regard, it was proven that considering 3
or 4 tracks is a sound compromise between esti-
mation quality and computational time; how-
ever, to have a safer margin, a manoeuvre is
deemed to be confirmed only if estimated with
4 tracks in the simulation chain. Moreover, the
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Figure &8: Distribution of manoeuvre esti-

mates (top) with estimation algorithm and high-
fidelity orbit determination (bottom) (4 tracks).

impact of the second estimation step is able to
increase the accuracy for both manoeuvre vector
and epoch, validating the proposed approach.
Future developments will be devoted to the ex-
tension of the track-to-orbit manoeuvre detec-
tion and estimation to a wider multi-target as-
sociation framework, in which the goal will be
to associate multiple manoeuvrable RSOs with
their post-manoeuvre tracks. This task is chal-
lenging due the dimension and scalability of the
problem, determined by every single combina-
tion of UCTs and objects without recently corre-
lated tracks to compare. This can be relieved by
the preliminary track-to-track association step
and by setting up a consistent methodology to



discard most of unfeasible track-to-orbit corre-
lations and build up an association tree consid-
ering manoeuvres. The detection strategy can
be augmented by different metrics such as the
median values of the WRMS, and by defining
more secondary thresholds to increase robust-
ness. Regarding the estimation algorithm, im-
provements can be achieved by increasing the
accuracy of the propagation while keeping a rel-
atively low computational effort. This can be
done by including J2 as a perturbation term or
a simple model for aerodynamic drag, as well
as employing semi-analytical propagators. Fi-
nally, the author would like to mention that this
thesis has been developed as part of an intern-
ship in the Space Situational Awareness section
of the Flight Dynamics Operations and Systems
business unit at GMV. This work will also be
presented as a conference paper at the 3™ TAA
Conference on Space Situational Awareness (IC-
SSA) in Madrid, Spain, on April 4** - 61 2022.
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