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Abstract

Maintaining an accurate and updated catalogue of
resident space objects (RSO) is of paramount impor-
tance for Space Surveillance and Tracking (SST). The
success of catalogue maintenance is mainly driven by
the timely availability of observations and the correct
association of these observations to the catalogued ob-
jects. The latter task can significantly contribute to
the computational effort needed in the whole cata-
loguing chain. The inputs for the association problem
are the catalogue of objects at a given time –including
extended state vector, associated uncertainty and ob-
ject characteristics– and a set of observations at a
later date. One possibility is to numerically propagate
the whole RSO population with the highest accuracy
to the observation date to apply the association algo-
rithms (global nearest neighbor, for instance) to the
objects that are likely to be within the field-of-view
of the sensor. Another possibility, more efficient in
time, is to pre-filter a reduced sub-population, apply-
ing the previous procedure with an analytical or semi-
analytical solution and then using the time-consuming
and highly accurate numerical propagator only to that
sub-population. The drawback of this alternative is
that the accuracy of the analytical or semi-analytical
solution can lead to filter out potential candidates and
miss the correct global association. Therefore, the use
of hybrid propagators, combining the rapidity of an-
alytical or semi-analytical propagators and the accu-
racy of numerical ones, is a promising alternative.

In many applications, a compromise between accu-
racy and efficiency must be established, based on a
variety of criteria. High-fidelity propagation models
usually require step-by-step propagation by using nu-
merical methods, which are computationally intensive
because they rely on small step sizes. However, sim-
plified models may admit analytical solutions, which
alleviate the computational burden. In either case,
the orbit propagation program relies uniquely on the
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initial conditions, as well as on the propagation model,
to make its predictions. On the other hand, the col-
lection of past ephemerides can be used to improve
orbit predictions by taking non-modeled effects into
account.

Indeed, developing a new hybrid modeling approach
to address the problem of accuracy inspired us to ap-
ply non-invasive techniques, such as machine learn-
ing or statistical time series techniques, to forecasting
methods. This approach, proposed by San-Juan et al.
[1, 2, 3, 4], asses that the hybrid modelling approach
for orbit propagation is feasible and comparable to
traditional models, improving their accuracy in most
cases. Basically, this methodology investigates the
main dynamical effects provided by any orbit propa-
gator and make important contributions modelling its
error and emulating other non-modelled dynamics.

The first step to develop a hybrid version of SGP4
is to understand the behavior of this propagator dur-
ing the considered interval of time. To assess this,
data from a space catalogue with 510 TLEs down-
loaded from Space Track1 from different GEO orbits
have been propagated using the analytical propaga-
tor SGP4 and PSIMU2, a high-accuracy orbital prop-
agator developed by the Centre National d’ÃĽtudes
Spatiales (CNES).

PSIMU is implemented in Java and includes the
following perturbation forces: geopotential acceler-
ation computed up to an arbitrary degree and or-
der for the harmonics, atmospheric drag, solar radia-
tion pressure, rediffused solar radiation pressure, third
body perturbations from Sun and Moon, and ocean
and terrestrial tides. PSIMU implements a Dormand-
Prince of 8th order with variable step-size and uses
PATRIUS (PATrimoine de base siRIUS)3. It is the
reference low level library used for mathematical and
flight dynamics functions, as well as other supplemen-
tary libraries. The perturbation model taking into ac-
count in PSIMU includes Earth’s gravitational field
(up to 8 × 8), solar radiation pressure models with
A/m = 1, 0.5, 0.1, 0.05, 0.01, 0.001 m2/kg, and third

1https://www.space-track.org
2https://logiciels.cnes.fr/en/content/psimu
3https://logiciels.cnes.fr/en/content/patrius
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body point mass force models.
On the other hand, SGP4 is based on the analytical

theories of the artificial satellite of [5] and [6]. Ini-
tially, the perturbations modelled by SGP4 consisted
of only zonal gravitational terms (up to J4) and drag
based on the work of [7]. When Molniya and geosta-
tionary orbits became more common, deep space mod-
elling (Simplified Deep-space Perturbation-4, SDP4)
was integrated into SGP4 [8, 9]. This included the
lunisolar effects, and resonance effects of tesseral har-
monics developed by [10].

In this study, for each TLE of our sample and differ-
ent values of A/m, twenty days of accuracy numerical
pseudo observations were generated with PSIMU, us-
ing as initial conditions the osculating elements pro-
vided by SGP4 at the same epoch tTLE for each previ-
ous defined TLE. After that, a new TLE is calculated
using a differential corrector method from the arc of
tTLE +10 days given by PSIMU. Finally, ten back-
ward and forward propagation days are done using
SGP4 from the new TLE. From now, the set of TLE
given at the epoch tTLE +10 will be considered as our
new TLE sample, one for each value of A/m making
a total of 3060 TLEs. It is worth noting that this sce-
nario intends to simulate the same scenario given in
the association problem in which during the process
a high accuracy propagation can be obtained.

Then, we calculate the time series of the error
εxt = xPSIMU

t − xSGP4
t , where x represents any

set of variables, such as cartesian, Delaunay, polar-
nodal, or equinoctial elements, xPSIMU

t is the pseudo-
observation given by PSIMU at epoch t, and xSGP4

t is
the data obtained from SGP4 at the same epoch. The
six time series εxt contain the complete information
related to SGP4 errors, which are caused by the per-
turbation forces not taken into account by the SPG4
algorithm and by the integration method used with
this analytical propagator.

In order to understand the real influence that each
variable, as well as some of their combinations, may
have on the accuracy of the SGP4 propagation for
GEO orbits, an Exploratory Data Analysis (EDA)
is performed for the TLEs considered in this study.
The variables and their combinations are ranked in
terms of their capability to reduce the distance er-
rors of SGP4 propagations. The main conclusion of
this analysis is that the argument of the latitude θ
and the argument of the node ν using the polar-nodal
set allow reducing the distance error of SGP4 for all
considered TLEs by modeling the evolution of their
error.

An EDA of the distance error between PSIMU and
SGP4, and PSIMU and the optimum hybrid SGP4
propagator (OptHSGP4) for a given predictive hori-
zon t is performed as a second step. The OptHSGP4
propagator is obtained when the time series of the er-
rors are zero, εθ = εν = 0, that is, θPSIMU = θSGP4

and νPSIMU = νSGP4.
In a third step, a preliminary analysis of the time

series of error εθ and εν is done. The analysis ex-
amines the approximate entropy (ApEn) during the
training period. The training period is given in satel-
lite revolutions and it varies between 3 and 10 revolu-
tions. Approximate entropy was introduced to quan-
tify the amount of regularity and the unpredictability
of fluctuations in a time series. A low entropy value
indicates that the time series is deterministic; a high
value indicates randomness.

The four step applies the seasonal Autoregressive
Integrated Moving Average (ARIMA) and Exponen-
tial Smoothing (E) forecasting methods to each time
series εθ and εν . The number of points per revolution
considered is 12, whereas the trained period varies be-
tween 3 and 10 revolutions. In this report, the total
number of models (M) evaluated has been 48960 (510
TLEs × 2 time series × 8 trained periods × 6 A/m
values). From the combination of the two forecasting
methods, four hybrid propagators have been devel-
oped: HSGP4(A,A), HSGP4(A,E), HSGP4(E,E) and
HSGP4(E,A). In the cases of distance error improve-
ment respect to SGP4, the EDA analysis includes box-
and-whisker plots, outliers analysis, the relationship
between the TLEs and the magnitude of their errors
These models, automatically generated, can be used
as a first attempt at classifications in function of the
TLE. Finally, from these four hybrid propagators we
derive the best hybrid combination (BestHSGP4) and
try to identify what conditions allow to select the best
combination. In the cases that there is no improve-
ment in the distance error of SGP4, the time series
are identified and their shapes characterized.

Figure 1: Box-and-whisker plots of the distance error
(km) between PSIMU and the four hybrid SGP4, the
BestHSGP4 and OptHSGP4 propagatosr for a time
span of 10 days and A/m = 1m2/kg.

Figure 1 and 2 show the box-and-whisker plots
of the distance error (km) between PSIMU and the
four hybrid SGP4, the BestHSGP4 and OptHSGP4
propagators for a time span of 10 days and A/m
= 1, 0.001m2/kg. The forecasting model have been
training using 10 satellite revolutions. The distance
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Figure 2: Box-and-whisker plots of the distance error
(km) between PSIMU and the four hybrid SGP4, the
BestHSGP4 and OptHSGP4 propagators for a time
span of 10 days and A/m = 0.001m2/kg.

error can be reduced from about 80% in the case of
low A/m value to 35% in the case of high A/m value
at 10 propagation days for the 75% of the cases.

Figure 3: Percentage of forecasting models of the
BestHSGP4 propagator for a time span of 10 days
and A/m = 1m2/kg.

Figure 4: Percentage of forecasting models of the
BestHSGP4 propagator for a time span of 10 days
and A/m = 0.001m2/kg.

Figure 3 and 4 plot the percentage of forecast-

ing models of the BestHSGP4 propagators with the
previous assumptions. The BestHSGP4 propagator
improves from almost 100% in the best case (A/m
= 0.001m2/kg) to 65% in the worse case (A/m =
1m2/kg).
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