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AUTOREGRESSION MODELS OF LARGE SPACE DEBRIS MOTION

A statistical method was developed for modeling the large space debris motion in the class of
autoregressive models. The method improves the quality of description and forecasting of the
movement of large fragments of space debris based on their TLE elements.
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Introduction

Technogenic pollution on low earth orbits level is an urgent problem of modern
astronautics. One of the debris segments is large fragments of space debris: firstly,
these are spacecraft that have ceased to exist (non-functioning), and, secondly,
these are the last stages of launch vehicles. The development of an effective method
for the removal of large fragments of space debris into low orbits is an important sci-
entific and technical problem. One of the ways to deal with large fragments of space
debris is a non-contact (without mechanical capture) impact in order to carry the
fragments to lower orbits for further reduction due to aerodynamic braking. The im-
plementation of this method implies finding the solution for two problems: the first
task is to construct mathematical models of space debris motion based on the results
of their observation; the second task is to select a method of impact for the effective
removal of space debris fragments into low orbits.

The aim of this work is to improve the accuracy of modeling the large space de-
bris motion using their TLE elements.

Major part

1 A method for modeling of large space debris motion in the class of autoregressive
models using their TLE elements

Determination of the order and estimation of the coefficients of autoregressive
models in conditions of structural uncertainty by the number and composition of re-
gressors is an urgent problem of the theory of identification, and there are various
approaches to its solution. In the overwhelming majority of cases, the existing iden-
tification methods do not assume that in the autoregressive models, certain rela-

© Sarychev O.P., Perviy B.A., 2020

ISSN 1562-9945 (Print) 137
ISSN 2707-7977 (Online)



«CucremHi TexHouorii» 6 (131) 2020 «System technologies»

tions are satisfied between the coefficients at the previous values of the variables. In
our opinion, such ratios are natural: previous values close in time should have coef-
ficients close to each other in the model, and previous values that are more distant
in time should have less close ones. When choosing one or another relationship be-
tween the autoregression coefficients, it is necessary to take into account the "phys-
ics" of the object, the available a priori information, as well as the discreteness of ob-
servations of the state of the object in time. Examples of this approach are moving
average, exponential smoothing, and other windowed methods. In this paper, it is
proposed to search for the optimal smoothing window in the family of probability
density functions of beta distributions [1].

A distinctive feature of time series of TLE-elements is their representation by
observations not on a uniform grid in time, but at irregular intervals - the so-called.
"unequally spaced observations". This distinctive feature of the TLE-element time
series is used to modify the parameter estimation procedures when constructing
autoregressive models of large space debris motion [1]. To model this kind of time
series, an iterative procedure for the parametric identification of autoregressive
models with unequally spaced observations was developed, the effectiveness of
which was confirmed by the method of statistical tests.

The construction of autoregressive models of the of large space debris motion
using their TLE-elements, obtained under conditions of unequally spaced observa-
tions, is carried out in a modeling system developed on the basis of the results
of [1] - [6].

Time series of TLE-elements [7] are represented by seven basic and three addi-
tional variables (see Table 1).

Simulations were carried out for six main variables, since the variable x, (in-
clination) is constant. Additional variables xg, xo, were used to construct figures,
and the variable x;, was used to calculate the power to which the components of the

coefficients are raised in the iterative procedure for parametric identification of
autoregressive models in conditions of unequally spaced observations [1] - [2].

In accordance with the developed method of structural-parametric identifica-
tion in [1] - [2], the ratios of the weight coefficients for autoregressors in the beta
autoregressive model were set by a special weight function determined on the basis
of the two-parameter probability density function of the beta distribution [8], in
which the parameter «a is fixed - o =1, and the parameter 3 can be integer values

B=12,...,Bma, Where B .. is the specified value.
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Table 1
List of variables for Sich— 2 TLE data
. . . Unit of
Designation Title
measurement

X Apogee km

Xy Perigee km

X3 Eccentricity -

Xy Inclination deg

X Right ascension of the ascending node deg

X Argument of perigee deg

X7 Mean anomaly deg

Xg Revolution number at epoch revs
X9 t,, | Accumulated time hrs
X190 T The time interval between the current and the | hrs

’ previous observation

The larger the parameter value 3, the greater the excess of the weight coeffi-

cient at the first previous value of the variable over the coefficients at the earlier

previous values. The graphs of weighting functions for f =1, 3,...,25with p =7 are

shown in Fig. 1 (the weight functions are presented as the values of the probability

density functions for a random variable having a beta distribution).

——— alpha=1 beta=1
——— alpha=1 beta=3
—— alpha=1 beta=5
—— alpha=1 beta=7
——— alpha=1 beta=9
—— alpha=1 beta=11
—— alpha=1beta=13
—— alpha=1 beta=15
——— alpha=1 beta=17
—— alpha=1 beta=19
—— alpha=1 beta=21
— alpha=1 beta=23
—— alpha=1 beta=25
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Figure 1 —Weight functions of coefficients for beta autoregression (p =7)

Having =1, the weighting coefficients for autoregressors are the same:

a;= 1/7,j=1,2,...,7. When B is increasing, the weighting factor at the first previ-
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ous value becomes dominant. So, for =13, the weight of the first "delay" in the
model is approximately 0.90, and the sum of the weights of all other delays (their
number is equal p —1=06) is approximately 0.10. Having 3 =25, the weight of the
first delay is approximately 0.99, and the sum of the weights of all other delays is ap-
proximately 0.01.

Having completed the construction of beta-autoregressive models for all
B=1,3,...,25, it is possible to identify the best structure (weight function, optimal
parameter of value (), which corresponds to the smallest mean-square error of the
model.

By dividing the entire observation period into intervals corresponding to the

¥s> X6 M X7 " and solving the problems of

cycles of changes in the main variables
structural and parametric identification for all basic variables based on [1] - [2], it is
possible to reveal a change in the structure (type of the weight function), coefficients
and mean square error of the best model main variables depending on the interval
number. By analyzing the graphs of changes in these characteristics, it is possible to
identify the features and general patterns of their behavior for different objects dur-
ing the observation period.

2 Large space debris motion modeling using autoregression

In [2], the described modeling scheme is applied for a number of space objects.
In this work, an attempt is made to detect more detailed changes in motion for a

number of spacecraft and spent stages of launch vehicles. For this, for all objects,

each of the cycles in the variable *s and each of the cycles in the variables Y6 and 17

Y1, X2 X3) were additionally divided into several intervals so that the av-

(as well as
erage length of the new intervals was about 100 values.

The simulation results for two spacecraft (SICH1 # 23657 and POLYITAN-1 #
40042 NanoUkr) and two spent stages (ATLAS 2A CENTAUR # 26353 and SL-6 RB (2)
# 18086) are shown in Fig. 2 - 5, which shows the dependences of the mean square
error of the constructed models of six main variables.

The generalized results of visual analysis Fig. 2 - fig. 5 are given in table. 2,
which shows the ranges of variation of the mean square error of the constructed

models, corresponding to the "normal mode" of their motion.
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Table 2

Root mean square errors of models for spacecraft and spent stages

Name

Ranges of RMS model errors

X, M X,, M X3y = x5, deg | x4,deg | x,,deg
0,5 - 0,1-
KA SICH1 3-10 0,5-10 1-2 1-2
1,0x10°° 0,4
0,2 - 0,05- 0,2 -
KA POLYITAN-1 [0,5-2 |0,5-2 0,2 - 0,7
0,4x10° 0,1 0,7
ATLAS2A 3-15x10" | 0,1 - 0,2 -
100-800 |100-800 0,2-1,0
CENTAUR 5 0,8 2,0
900- 10 - 0,04- |0,02- 0,02-
SL-6 RB(2) 400-500
5000 20x10°° 0,06 0,06 0,05

In certain time series intervals, the model errors take on values that signifi-

cantly exceed the values from the ranges given. A detailed visual analysis of such in-

tervals shows that they, as a rule, contain abrupt changes in the behavior of the main

characteristics that are not characteristic of the usual movement of objects. These

exceedances can be used as signs of an unforeseen change in the movement of a

space object.
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Conclusion

Based on the results obtained in the process of modeling the motion of two
groups of large objects of space debris (spacecraft and spent stages of launch vehi-
cles), represented by the time series of TLE elements, a modeling system has been
developed, which includes:

a) determination of the optimal volume of training samples when modeling
time series of TLE elements;

b) determining the order of autoregression for each variable element;

¢) determination of the optimal structure and identification of the parameters
of the autoregression model for each variable element;

d) establishing the features of the behavior of the mean square error of autore-
gressive models in time based on the modeling of time series of TLE elements;

e) obtaining predictive estimates of the values of variable elements at future
points in time.

The developed statistical method for modeling the movement of large frag-
ments of space debris can be recommended for describing and predicting the move-
ment of spacecraft and spent stages of launch vehicles, represented by time series of
TLE elements, for solving an important scientific and technical problem - the devel-
opment and study of effective methods for removing large fragments of space debris
to low orbits for further reduction due to aerodynamic braking.

The use of the developed statistical modeling method will make it possible to
control the process of removing a large object of space debris based on models built
from the time series of its TLE elements, which are promptly updated and are in the
public domain.

As a result, there are two main approaches to assessing TLE elements in the lit-
erature: machine-expensive methods for searching global optics and methods for
searching local optics. The developed autoregressive models [18] provide alternative,
less machine-costly methods for improving forecasts, and their expected errors do
not exceed the error rates presented above the models.
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AsmopezpeciliHi Modeni pyxy BeNuKux gppazmeHmis KOCMi4HO20

Po3pobneHo cmamucmuyHuli Memod MOOeNOBAHHA PYXy BEUKUX (pazMeHmiB KOCMi4YHO-
20 cMimms 8 Kaaci asmopezpeciliHux modesel. Memoo 00380/14€ Ni0BULWUMU AKICMb ONUCY Ma
NpoeHO3yBAHHA PyXy BEUKUX hpazmeHmi8 KOCMIYHO20 CMIMMA HA OCHOBI Yacosux psois ix TLE-
eseMeHmis.

Ha ocHosi pe3ynbmamis, ompuMaHux 8 npoyeci MooentoBaHHA 080X 2pyn BeUKUX KOCMIY-
Hux 06'ekmiB (KOCMIYHUX anapamisg 1 810NPAYbOBAHUX CMyNeHi8 pakem-HoCiis), po3pobieHa cu-
cmema MOOe/IIBAHHSA, AKA BKIOYAE 8 cebe: BUHAYEHHA ONMUMAIbLHO20 00CA2Y HABYAbHUX BU-
6ipok npu MoOentoBaHHI Yacosux padis TLE-enemeHmis; BU3HAYEHHS NOPAOKY asmopezpecii 015
KOXH020 e/leMeHma-3MiHHOI; BU3HAYEHHA oNMUMQaabHOTI CmpyKkmypu ma i0eHmugikayis napa-
mempig modesni agmopezpecii 019 KOXH020 efleMeHma-3MiHHOI 8 YMOBAX HEpaBHOOMOANEHHUX
cnocmepexeHb; BCMAHOBNEHHS o0cobausocmell NoBeOTHKU CepedHbOKBAOPAMUYHUX NOMUMOK
asmopezpecitiHux modenel 8 Yaci.

Autoregression models of large space debris motion

A statistical method was developed for modeling the large space debris motion in the class
of autoregressive models. The method improves the quality of description and forecasting of the
movement of large fragments of space debris based on their TLE elements.

CapuueB OnexkcaHap I1aB/IoOBUY — TOKTOP TeXHIUHMX HaAyK, MPOBITHUII HAYKOBUIL
CIiBpOOITHUK, [HCTUTYT TexHiuHOI MexaHiku HAH Vkpaiunm i JIKA Ykpainmu.

ITepBiit Borgan AHAPiTOBMY — MOJIOIIINIT HAYKOBUIA CITiBPOOITHUK, [HCTUTYT TeX-
HiyHO1 MexaHiku HAH Vkpaiun i IKA Ykpaiun.

CapbrueB AnexkcaHap ITaBioBUY - TOKTOp TeXHMUECKMUX HAYK, BeAYILIUI HA-YUHO
cOTpyaHUK, MHCTUTYT TexHnuyecko mexauuky HAH Ykpaunsbl u I'KA YkpauHbl.
IlepBbiiit Borgan AHApeeBUY - MJIAAIINIT HAYYHbIN COTPYAHUK, H-CTUTYT TE€XHU-
yeckort mexaunku HAH Vkpanunsl n I'KA VkpanHsbl.
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