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ASSESSMENT OF PERSPECTIVES
FOR THE ORBITAL UTILIZATION OF SPACE DEBRIS

Technogenic pollution of the near-Earth space by fragments of space debris of various sizes significantly limits the possibilities for
implementing space activities and is a great danger to objects on Earth. Low orbits with heights up to 2000 km are particularly heavily
clogged. The Inter-Agency Space Debris Coordination Committee recommends removing fragments of space debris from the area of
working orbits. Currently, promising ways of space debris removal are considered: descent into the Earth’s atmosphere, relocation to
an orbit with a lifetime of less than twenty-five years, relocation to a utilization orbit, and orbital disposal. Orbital utilization considers
space debris as a resource for the industry in orbit. The objectives of the article are to assess the perspectives for the orbital utilization
of space debris and to develop a method for choosing the number and placement of safe recycling orbits in the area of low near-Earth
orbits. The paper analyzes the prospects for the use of orbital utilization of space debris and the assessment of the possibilities of using
orbital storage and subsequent reuse of dismantled space objects, instruments, and materials. A number of problems of planning and
organizing the orbital utilization of space debris are formulated and solved. A method for determining safe orbits of space debris utili-
zation in the area of low near- Earth orbits based on a criteria system developed. Using the developed method and software package,
the possible orbits of space debris utilization in the area of low near- Earth orbits are determined. The lifetime of a space object in the
utilization orbit, the stability of the orbit at a long time interval, and the energy consumptions for transferring the space object from the
working orbit to the utilization orbit are estimated. The novelty of the obtained results lies in the development of a clustering technique
for the orbits of utilized space debris objects and the development of a technique for selecting a possible orbit for the utilization of space
debris in the area of low near- Earth orbits. The results obtained can be used in the planning and organization of the orbital utilization
of space debris.
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1. INTRODUCTION

Currently, the accumulation of space debris in near-
Earth orbits is a significant problem. In accordance
with the guidelines of the Inter-Agency Space De-
bris Coordination Committee (IADC) on the limi-
tation of space debris in the near-Earth space, it is
recommended to remove fragments of space debris

from the working orbits’ region. To implement the
IADC recommendations on combating space debris,
constructive measures are taken to prevent pollution
of the near-Earth space, as well as active and passive
methods of space debris removal from the area of
working orbits. As a rule, space debris is removed to
disposal areas in a higher altitude or a low earth orbit
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region. Space debris may be located in disposal areas
for hundreds of years and does not impede the imple-
mentation of space projects. This method of remov-
ing debris reduces the risk of collisions in the source
area but increases it in the disposal area. The space
debris transferred to the region of low near-Earth
orbits must have a lifetime of less than twenty-five
years. When moving in a dense atmosphere, small
fragments of space debris, as a rule, completely burn,
unlike large ones, unburnt remnants of which can
reach the Earth. Due to the large errors in predict-
ing the movement of space debris fragments in the
atmosphere, it is impossible to predict with sufficient
certainty and in time the place and time of the fall of
large fragments of space debris to the Earth. It is not
possible to undertake the necessary measures to pro-
tect life and property.

At present, according to various estimates, about
7000 tons of space debris are in orbits. Low orbits
with altitudes up to 2000 km are particularly badly
clogged. It is estimated that the transfer of one kilo-
gram of mass to a high orbit can exceed 10 thousand
dollars. Most of the space debris consists of expensive
specific equipment, devices, and materials used in
the manufacture of rockets and satellites. In condi-
tions of limited resources and the high consumption
of their delivery into space, it is advisable to assess
the perspectives for utilization of space debris and the
subsequent use of equipment, devices, and materials
dismantled from the failed satellites.

The utilization of space debris can bring several ad-
vantages. The economic benefit of utilization of space
debris is the possibility of re-use it on the newly cre-
ated space vehicles, in-service valuable equipment,
devices, and materials. In addition, utilized space de-
bris can also be used as a source of energy and work-
ing mass for the manoeuvres of a spacecraft. Regular
utilization of space debris can significantly reduce the
risks of collisions of operating spacecraft with space
debris and the risks of falling of space debris fragments
on the Earth. In connection with the above, it makes
sense to consider the existing space debris as one of
the types of near-Earth space resources [1—3]. It is as-
sumed that some of the space debris can be stored and
utilized directly in orbit. Well-chosen orbits of space
debris utilization will not pose a significant threat to
the functioning of a spacecraft.

2. FORMULATION OF THE PROBLEM

Assessment of the perspectives for orbital utilization
of space debris requires a detailed study of a number
of issues. They include: assessing the economic feasi-
bility of utilizing fragments of space debris, develop-
ing utilization strategies, formulating requirements
for service of space vehicles for implementing these
strategies, assessment of technical, economic, law,
and other aspects of such operations. The space de-
bris utilization strategy includes the choice of spatial
distribution and the number of orbital areas used for
the utilization, the formation of a group of near ones
in terms of the possibility of utilization of space de-
bris fragments in orbit, the choice of priority for the
utilization of space debris fragments.

The utilization of space debris involves the de-
velopment of low-cost technologies for its collec-
tion and preservation in orbits. One of the possible
utilization technologies involves the use of a service
spacecraft, which, after the capture of the next space
object, takes it to the utilization orbit. After some
time, it returns for a new space object. The length of
time a service spacecraft stays in a utilization orbit is
determined by the difference in precession velocity of
the utilization orbit plane and the orbit plane of the
next utilized spacecraft. The flight is carried out at
the moment of approximate coincidence of the lon-
gitude of the ascending node of the utilization orbit
and the orbit of the object being utilized.

The utilization of large space debris requires
the creation of a service spacecraft, which must be
equipped with special means for conducting remote
and contact operations with fragments of space de-
bris. Currently, reusable orbital service space vehicles
are considered as the most prospective for resolving
this problem. Perspective areas of research on the
creation of methods and means of the utilization of
large-sized fragments of space debris are the creation
of means of docking of service spacecraft with frag-
ments of space debris and the development of service
spacecraft for utilization of space debris fragments.

The work aims to assess the perspectives of the
orbital utilization of space debris and to develop a
method for choosing the number and spatial place-
ment of safe orbits for utilization in the area of low
near-Earth orbits.
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3. CLUSTERING OF THE ORBITS
OF SPACE DEBRIS FRAGMENTS

When planning the utilization of space debris, it is
necessary to take into account the limited energy
possibilities of a service spacecraft. In this connec-
tion, the problem arises of rationally splitting up a set
of orbits of space debris fragments into subsets (clus-
ters) of orbits that are available for utilization by a
single service spacecraft. Each orbit of the space de-
bris fragment should belong to only one cluster, and
the orbits belonging to the cluster should be near in
terms of energy consumptions for the interorbital
transfer between them.

To date, a sufficiently large number of cluster
analysis algorithms have been developed: hierarchi-
cal algorithms, non-hierarchical iterative algorithms,
graph algorithms, fuzzy clustering algorithms, algo-
rithms using neural networks, genetic algorithms [4,
7, 10]. To solve the problem of clustering orbits of a
service spacecraft, it is rational to use the k-means
clustering algorithm, which belongs to the group of
non-hierarchical methods of cluster analysis [7]. The
advantages of the k-means algorithm are the simplic-
ity and speed of its use, clarity, and transparency of
the algorithm. The disadvantages of the algorithm
include the need to specify the number of clusters
before clustering.

Let us represent the elements of the set of orbits
of space debris fragments X = {x,, x,, ..., x,} in the
form of their characteristic vectors. Later, we will
fully identify the orbit with its characteristic vector,
which is a set of orbital parameters. It is required
to divide this set of orbits into k clusters S|, S,, ...,
S, Each orbit should belong to one cluster only lo-
cated at the smallest distance from this orbit. The
distribution of the orbits in clusters must satisfy the
criterion of optimality, expressed in terms of the
distance p(x,,x;) between any pair of orbits of the
considered set. When splitting the original set X of
orbits of space debris fragments into k clusters S|,
S5, ..., 8, it is proposed to apply an iterative algo-
rithm of k-means that minimizes the sum of squares
of distances from each point of the cluster to its
centre. As a distance (metric) between the orbits
p(x;,x;), any non-negative real function can be
used that is defined on the set X and satisfies the fol-

lowing conditions:

p(x;,x;)=0 only when x; =x;, (1)
P, x;)=p(x ), %;) 2)
plx;, x;) < px;, x,) +p(x;, x,) - (3)

When splitting the original set of orbits X into k
clusters S, S,....,S, , an iterative algorithm k-means
is used. It minimizes the sum of distances from each
point of the cluster to its centre.

The action of the & -means algorithm comes down
to a search:

k
arg minz Z p(x, ;) (4)

s i=1 xeS§;
where §={8,,8,,...5,}, n; are cluster centres
i=1,.,k, p(x,y,;)are distances between orbit x
and cluster centres i; .

In the sequel, a variable ¢ is used to indicate the it-
eration step number. At the first step of the algorithm
k-means execution, the initial values of the cluster
centres u? are determined. Arbitrary points of the
orbit characteristics are chosen as the initial values
of the cluster centres. In the next step, the orbits are
distributed among the clusters.

All orbits are grouped into clusters, the distances
to the centres of which are minimal

Va;eX,i=1..,nix;eS; < j=arg minp(xi,pgf_b).
k

(5)
The next step is to recalculate the centres of the
changed clusters.
S x.

Vi=1,2,..k:pl" S (6)
| i| xeS;

The process of calculating the centres and redis-
tributing of the orbits continues until one of the con-
ditions is satisfied: the cluster centres have stabilized,
i. e., all orbits belong to the cluster to which they be-
longed before the current iteration or the number of
iterations is equal to the maximum number of itera-
tions.

An important step in the clustering of orbits of
space debris fragments is the choice of a metric by
which the proximity of the orbits is determined. This
is due to the fact that the results of clustering can dif-
fer significantly when using different metrics. The
choice of metrics is ambiguous, and this is the main
difficulty. Most often, the Euclidean metric is used in
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clustering problems. Other standard metrics are also
widely used: the square of the Euclidean distance, the
distance of city blocks, and the Chebyshev distance.
Along with the listed metrics, a number of other, less
common metrics are also used [4, 7].

Attempts to cluster orbit space debris using stan-
dard metrics did not lead to positive results. In this
connection, for clustering orbits of space debris frag-
ments, it was proposed here to use a non-standard
energy metric — delta-velocity of interorbital trans-
fer between these orbits. The introduction of the en-
ergy metric made it possible to successfully cluster
the orbits of space debris.

4. SELECTION OF UTILIZATION ORBITS

The selection of orbits of utilization was carried out
using the following criteria: the annual catastrophic
collision probability of a utilized spacecraft with space
debris in a utilization orbit, the lifetime of a space-
craft in the utilization orbit, stability of the orbit of
utilization over long time intervals, and energy con-
sumptions for transferring the spacecraft from an ini-
tial orbit to the utilization orbit. The selection of or-
bits of utilization was carried out in the region of low
Earth orbits. Near-circular orbits were considered as
possible utilization orbits. The annual probability of
a catastrophic collision with space debris was used as
a criterion for the destruction of a spacecraft in the
orbit of utilization. Catastrophic collisions are char-
acterized by the complete destruction of the space-
craft, and non-catastrophic collisions are character-
ized only by the loss of its functionality. The condition
for a catastrophic collision of a spacecraft with space
debris is considered to be collisions with specific im-
pact energy greater than 35...45J/g [8, 12].

The selection of orbits suitable for utilization was
carried out according to the criterion of the mini-
mum possible annual catastrophic collision prob-
ability of the utilized spacecraft with space debris. To
determine the annual catastrophic collision proba-
bility, the ESA MASTER-2009 model of space debris
was used [5]. In constructing the space debris model,
along with experimental data, statistical approaches,
various collision and fragmentation models, as well
as additional a priori information are widely used.

The ESA MASTER-2009 space debris model al-
lows for a given orbit of a spacecraft with a cross-

6

sectional area S to obtain an estimate of the annual
probability of its collision with fragments of space
debris, the dimensions of which are contained in the
interval (d|, d,). To estimate the annual catastrophic
collision probability of a spacecraft with space debris,
the Poisson distribution is used:

P(S’di»d2’N):1_eXp(_N)a (7)

where P is the annual catastrophic collision prob-
ability of a spacecraft with space debris when moving
in a given orbit, N isthe annual number of collisions
of a spacecraft with space debris with specific impact
energy greater than 35...45J/g.

To determine the average number of collisions
N(d,, d,), mainly statistical methods are used. Their
use is due to the fact that for non-catalogue fragments
of space debris, only distributions of size, mass, and
orbital parameters can be specified.

The basis of statistical methods is the D. Kessler
method [8, 11], which determines the average num-
ber of collisions N(d|, d,) according to the formula:

where S is the cross-sectional area, p(d,,d,) is
average concentration of space debris, V., is average
relative velocity of the spacecraft and space debris,
At is the time interval of the spacecraft movement
in orbit.

The selection of orbits suitable for utilization was
carried out using the predicted values of the annu-
al catastrophic collision probability of the utilized
spacecraft with the space debris. For forecasting, the
ESA MASTER-2009 [5] and DRAMA [6] software
packages were used.

The calculations were performed for a family of
near-circular orbits with an eccentricity of 0.0001
and discretely varying altitude and inclination of the
orbits. The longitude of the ascending node and the
argument of perigee did not vary. The estimated cal-
culations showed that the variation of these param-
eters has practically no effect on the annual cata-
strophic collision probability of a recycled spacecraft
with space debris. The step of changing the orbit al-
titude is 100 km, and the step of changing the orbit
inclination is 10°. During the calculations, it was as-
sumed that the sizes of fragments of space debris are
in the range from 0.01 m to 30 m, the cross-sectional
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area of the utilized spacecraft S = 5 m?, the mass of
the utilized spacecraft m = 500 kg, the specific energy
of catastrophic destruction — 40 J/g.

Fig. 1 shows a graph of the annual catastrophic
collision probability of utilized spacecraft with space
debris in the low-Earth orbit region.

The graph in Fig. 1 makes it possible to estimate
the annual catastrophic collisions probability in the
region of low near-Earth orbits and highlight orbits
with increased space debris. It can be seen from the
graph that the maximum annual catastrophic colli-
sion probability of a spacecraft with space debris is
reached in near-circular orbits with inclinations of
80°, 90°, 100°, 70°, and 60°. It is advisable to carry
out the utilization of space debris in these orbits in
the first place.

Fig. 2, Fig. 3 show graphs of the annual cata-
strophic collision probability of the utilized space-
craft for orbits with large quantity and small quantity
space debris.

P
0.00016

0.00014
0.00012
0.00010
0.00008
0.00006

Fig. 2. Estimation of the

annual probability of 0.00004
catastrophic collisions  0.00002 i
for orbits with large 0

From the graphs in Fig. 2, Fig. 3 it can be seen
that the curves of the annual catastrophic collision
probability of spacecraft with space debris for orbits
with the considered inclinations have a similar char-
acter. The absolute maximum of the annual cata-
strophic collision probability in height was reached
at altitudes of ~800 km. The second and third clear-
ly defined local maximums were reached at altitudes
of 1400...1500 km. At an altitude of ~1700 km, a

Fig. 1. Estimation of the annual catastrophic collision prob-
ability in the region of low near-Earth orbits
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Fig. 4. Changing the apocen-
ter and pericenter altitude
H of the utilization orbit
vs. time (HC, = 1300 km,
iy = 80%, ¢y = 1074, C, =
= 0.006, the beginning of
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Fig. 5. Changing the eccen- "
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Fig. 6. Changing of inclina-
tion 7 of the utilization orbit
vs. time (HJ, = 1300 km,
iy = 80°, e, = 1074, C, =
= 0.006, the beginning of
the movement 01.02.2019)
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weakly expressed local maximum is realized. Local
minimums were reached at altitudes of ~1300 km
and at altitudes above 1800 km. As a result of the
analysis performed, it is proposed to use near-cir-
cular orbits with mean altitudes of ~1300 km and
above 1800 km as possible orbits for the utilization
of space debris.

5. ASSESSMENT OF THE STABILITY
OF UTILIZATION ORBITS

The estimation of the ballistic lifetime of spacecraft
in the orbit of utilization and the stability of the utili-
zation orbit over a long time interval was carried out
using high-precision numerical prediction of their
motion. To predict the motion, the DRAMA soft-
ware package [6] was used, which implements a com-
plete and accurate mathematical model of the per-
turbing forces acting on the spacecraft. The following
forces were considered as such forces: forces arising
due to the non-sphericity of the Earth’s gravitational
field and the force of acrodynamic drag of the atmo-
sphere. As the analysis showed, the influence of other
perturbing forces in determining the ballistic lifetime
and evolution of the orbits of spacecraft that begin
their motion in the orbits of utilization can be ne-
glected.

In the DRAMA motion model, the gravitational
potential of the Earth was used taking into account
five harmonics of its decomposition in accordance
with the GEM-T1 model of the gravitational field of
the Earth [9]. The density of the atmosphere was de-
termined according to the model of the atmosphere
NRLMSISE-00. The indices of solar and geomag-
netic activity used in this model corresponded to
the FOCUS-1A data [8]. The spacecraft motion was
predicted using the universal method of numerical
integration of the corresponding differential equa-
tions [6], which has high computational efficiency in
terms of accuracy and speed.

In the research, the ballistic lifetime and the evo-
lution of spacecraft orbits in space after their trans-
fer from working orbits to utilization orbits was es-
timated.

As utilization orbits, we considered the use of the
lowest near-circular orbits with initial mean altitudes
of HY, ~1300km, HY, ~ 1800 km and eccentricities
e, =100 and ¢, = 10~* with orbital inclinations i, =

H, km e e,
1310} ST T
____________ — Minimum orbit altitude
1300 ---- Maximum orbit altitude
1290
1280 . . .
0 20 40 60 80 i), deg

Fig. 7. Changing of maximum and minimum altitude of utili-

zation orbits vs. the initial orbit inclination ( / fne = 1300 km,
e = 104, C, = 0.006, the beginning of the movement of
01.02.2019)

0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°. In
the calculations, the ballistic coefficient of the space-
craft assumed the following values: 0.004, 0.006, and
0.01 m?%/kg. The ballistic coefficient was calculated
by the formula

KON

2m
where C 4 is drag coefficient, S is the cross-sectional
area, m is the mass of the spacecraft.

In addition, it was assumed that the beginning of
the movement of a spacecraft in the utilization orbits
accounted for 01.02.2019. The stability of the orbits
of spacecraft that begin their motion in utilization
orbit has been estimated for 100 years. The evolution
of the orbits was studied in the time interval 2019—
2119. The results of the calculations showed that for
all considered variants, the predicted duration of the
ballistic lifetime of spacecraft that begin their motion
in the orbits of utilization exceeds 100 years.

Fig. 4—Fig. 6 show the results of the prediction of
the evolution of the parameters of the spacecraft or-
bit, which begins its movement in a utilization orbit
with a mean altitude of H?, ~ 1300 km.

The graphs in Fig. 4—Fig. 6 demonstrate that
changes of the apocenter altitude, pericenter alti-
tude, eccentricity, and inclination of the considered
orbit of utilization obey the oscillatory law, have a
negligible small secular drift, and are stable over a
long time interval. The results of the prediction of
the evolution of the parameters of the orbit of the
spacecraft, which begins its motion in utilization
orbits with a mean altitude above 1800 km, look
similar.

Gy
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Fig. 8. Delta-velocity and propellant mass ratio mf/mo required
for coplanar transfer between near-circular working orbits of
the altitude 400...1300 km and orbit utilization with mean
orbit altitude H,,, = 1300 km
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Fig. 9. Delta-velocity and propellant mass ratio required for
coplanar transfer between near-circular working orbits of the
altitudes 400...1800 km and orbit utilization with mean orbit
altitude H,,, = 1800 km
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1600 | === Propellant mass ratiE) 10.4
o P 10.3
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400 == 10.1
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Fig. 10. Delta-velocity and propellant mass ratio required for
rotation of the orbital plane (rotation altitude of the orbital
plane = 1800 km)

Fig. 7 shows the results of an assessment of the de-
pendence of the change of the maximum and mini-
mum altitude of the utilization orbit over 100 years,
depending on its initial inclination.

The graphs in Fig. 7 illustrate the significant de-
pendence of the maximum and minimum altitudes
of the orbit for utilization over 100 years from its
initial inclination. The difference between the maxi-
mum and minimum altitudes of the utilization orbit
reaches a maximum with an initial inclination of the
orbit i, = 60° and is ~36 km. The variation of the bal-
listic coefficient and eccentricity within the consid-
ered limits led to a slight change in the maximum and
minimum altitudes of the utilization orbit over 100
years. (Change did not exceed 1 km).

As a result of assessing the stability of the orbits of
spacecraft that begin their motion in the considered
orbits of utilization, it was found that the maximum
oscillations of the apocenter altitude and pericenter
altitude over a period of 100 years did not exceed
20 km and 15 km, respectively. The eccentricity os-
cillations did not exceed 0.0021, and the inclination
variations did not exceed 0.01°.

The obtained results indicate the sustainability for
100 years of orbit of utilization with mean altitudes of
~1300 km and ~1800 km.

6. ASSESSMENT OF THE ENERGY
CONSUMPTION OF TRANSFERRING

A SPACECRAFT FROM THE WORKING ORBIT
REGION TO THE ORBIT OF UTILIZATION

The energy consumptions of transferring the space-
craft from the working near-circular orbits of the
altitude range 400 km to 1300 km into the utiliza-
tion orbit with a mean altitude of 1300 km and from
the original near-circular orbit of the altitude range
400 km to 1800 km into the utilization orbit with a
mean altitude 1800 km were estimated. To estimate
the energy consumptions of interorbital transfers, the
delta-velocity and propellant mass ratio for the trans-
fer were used.

A tri-impulse interorbital transfer of a spacecraft
from the working orbit to the utilization orbit was
considered. First, a two-impulse coplanar Hohman
transfer was carried out from the initial near-circular
orbit to a circular orbit with a mean orbit radius equal
to the radius of the utilization orbit. Then the plane
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of the resulting orbit was rotated to coincide with the
plane of the orbit of utilization.

The propellant mass ratio for the transfer of the
spacecraft to the utilization orbit was determined by
the K. E. Tsiolkovsky formula:

"’f=1_eXp[AVJ, )
gl

my sp

where m, is the required propellant mass for trans-
fer the spacecraft to a utilization orbit, m, is the
total mass of a charged transporting spacecraft and
transported spacecraft, AV is delta-velocity of the
orbital transfer to the utilization orbit, 1Sp is the spe-
cific impulse of the propulsion system of the space-
craft, g is the acceleration of gravity.

At estimating the propellant mass ratio for the
transfer of the spacecraft to the utilization orbit, it
was assumed that the specific impulse of the propul-
sion system of the spacecraft was ISp =320s.

Fig. 8—Fig. 10 show the dependences of delta-
velocity and the propellant mass ratio required for
spacecraft orbital transfer from the working orbits
into the utilization orbit with a mean orbit altitude
of 1300 km.

It can be seen from the graphs in Fig. 8—Fig. 9
that the spacecraft transfers from the working orbits
to the utilization orbits may require from 0 to 0.2 pro-
pellant mass ratio.

From the graphs in Fig. 8—Fig. 10 it can be seen
that the rotation of the orbital plane is energetically
much more expensive than the change of the mean
orbit altitude. Therefore, it is advisable to choose the
number and inclination of the orbits of spacecraft
utilization in such a way that the inclination of the
orbits of the utilized spacecraft and the orbits of the
utilization does not exceed 5 degrees.

7. CONCLUSIONS

The paper analyzes the perspectives for the use of
orbital utilization of space debris for cleaning near-
Earth space from technogenic pollution and assesses
the possibilities of long-term orbital storage and sub-
sequent reuse of devices, instruments, and materi-
als dismantled from recycled spacecraft when solv-
ing problems of the further exploration of near-Earth
space. There are formulated and solved a number of
problems arising in the planning and organization of
the orbital utilization of space debris. A technique
has been developed for clustering of orbits of utilized
space debris objects.

A methodology for determining safe orbits of
space debris utilization in the area of low near-Earth
orbits based on a formulated criteria system has been
developed. The methodology includes: selection of
a utilization orbit by the criterion of the minimum
possible annual catastrophic collisions’ probability
of a utilized spacecraft with space debris, estimating
the lifetime of a spacecraft in utilization orbit, assess-
ment of the sustainability of the orbit of utilization
over long time intervals and assessment of energy
consumption for transferring the spacecraft from the
working orbit to the orbit of utilization. Using the de-
veloped methodology and software package, possible
orbits of space debris utilization in the area of low
near-Earth orbits are determined. As utilization or-
bits, it has been proposed to use near-circular orbits
with mean altitudes of ~1300 km and above 1800 km.
The number and inclination of the utilization orbits
are proposed to be chosen in such a way that the in-
clination of the working orbits of the spacecraft and
the utilization orbits does not exceed 5 degrees. The
results obtained can be used in the planning and or-
ganization of the orbital utilization of space debris.

ISSN 1561-8889. Kocmiuna nayka i mexwonoeis. 2021. T. 27. Ne 3 11



A. P. Alpatov, Yu. M. Goldshtein

REFERENCES

1. Alpatov A. P. (2018). Space debris: aspects of the problem. J. Tech. Mechanics, Ne 2, 30—47 [in Russian].

2. Alpatov A. P., Gorbulin V. P. (2013). Space platforms for orbital industrial complexes: problems and perspectives. J. Visn.
NASU, Ne 12, 26—38 [in Russian].

3. Alpatov A. P., Khoroshylov S. V., Maslova A. 1. (2019). Contactless de-orbiting of space debris by the ion beam. Dynamics and
control. Kyiv: Akademperiodyka, 170 p.

4. Durant B., Odel P. (1977). Cluster analysis. Moscow: Statistics, 128 p. [in Russian].

5. Flegel S. (2011). Maintenance of the ESA MASTER Model: Final Report of ESA. Braunschweig, Contract 21705/D/HK, 323 p.

6. GelhausJ. (2014). Upgrade of ESA’s Space Debris Mitigation Analysis Tool Suite : DRAMA : Final Report / ESA/ESOC.
Braunschweig. 272 p. Contract Ne 4000104977/11/D/SR.

7. Gitis L. Kh. (2003). Statistical Classification and Cluster Analysis. Moscow: Publ. House of MSMU, 157 p. [in Russian].

. Klinkrad H. (2006). Space Debris Models and Risk Analysis. Berlin: Springer, 430 p.

9. Liou J. C. A semi-analytic theory for the motion of a close-Earth artificial satellite with drag. 17th Aerospace Sciences
Meeting New Orleans: AIAA paper Ne 79 - 0123.

10. Mandel 1. D. (1988). Cluster analysis. Moscow: Finance and statistics, 176 p. [in Russian].

11. Nazarenko A. 1. (2013). Modeling of space debris. Moscow: IKI RAS, 216 p. [in Russian].

12. Raikunov G. G. (Ed.) (2014). Space debris. Observation methods and models of space debris. Moscow: FIZMATLIT, Vol. 1,
244 p. |in Russian].

]

Received 26.09.2020
A. Il. Aanamos, n-p. TexH. HayK, wi.-kop. HAH Ykpainu, nmpodecop
ORCID.org/0000-0003-4411-2250,
E-mail: aalpatov@ukr.net
10. M. Toavowmeiin, ctapiil. HayK. CIiBpo0., KaH/I. TEXH. HayK
ORCID.org/0000-0002-3931-2680,
E-mail: jura_gold@meta.ua

IHcTuTyT TexHiuHOT MexaHiku HallioHanbHOT akageMii HayK Ykpainu i JlepxXaBHOTO KOCMIYHOIO areHTCTBa YKpaiHu
Bya. Jlemko-ITonenst 15, Aninpo, Ykpaina, 49005

OLIIHKA MEPCIMEKTUWB OPBITAJIbHOI YTUJII3ALIT KOCMIYHOIO CMITTA

PicT TexHOreHHOTO 3a0pyIHEHHST HABKOJIO36MHOI'O KOCMIYHOTO MPOCTOPY (hparMeHTaMU KOCMiYHOTO CMITTSI Pi3HOTO po3Mipy
iCTOTHO 0OMesKye MOXITMBOCTI peajtizallii KOCMiYHOI MisUTbHOCTI 1 CTAHOBUTD BEJIMKY HeOe3meKy 1ist 00’ ekTiB Ha 3emiti. Oco-
OJIMBO CMJIBHO 3acMideHi HU3bKi opOiTH 3 BucotamMu 10 2000 KM. AKTyalbHICTh 3a0e3Me4eHHsT Oe3MMeKN KOCMIYHUX TTOJIbOTIB B
YMOBaxX TEXHOT€HHOTO 3a0pyIHEHHSI HAaBKOJIO3eMHOTO0 KOCMIYHOTO MPOCTOPY i 3HMKEHHSI HeOe3eKu ISl 00’ €KTiB Ha 3eMJIi
MPU HEKOHTPOJHLOBAHOMY BXOJXKEHHI KOCMIUHMX 00’€KTIB Y ILibHI lIapy aTMochepHu i iXHbOMY MaaiHHI Ha 3eMJII0 CTPIMKO
3pocTae. BianosigHo 10 KepiBHMX npuHIMIiB Inter-Agency Space Debris Coordination Committee parMeHTH KOCMiYHOTO
CMITTSI pEKOMEHIYETLCSI BUIAJSITA 3 00J1aCTi poOourx opOiT. 3apa3 sIK MepcrieKTUBHI CrocoOU BUAAJIEHHSI KOCMIUHOTO CMiT-
TS pO3IJISIAAIOTHCS: CITYCK Y IIJIbHI apyu atMochepn 3eMili, mepeMillieHHs Ha OpOiTy 31 CTPOKOM KUTTSI MEHII HiX IBaAIsATh
I’SITh POKiB, MEpeMillIcHHs Ha OpOiTy IMOXOBaHHSI Ta opOiTasbHA yTUIIi3allisl. BinmoBinHO 10 KOHIIeNIIii opOiTaabHOI yTHTi3alii
KOCMiYHE CMITTsI PO3IJISIIAETHLCS SIK Pecypc iHaycTpil Ha opOiTi. MeTolo CTaTTi € OLliHKA MePCIeKTUB OpOiTabHOI YTHITi3allii Koc-
MIiUHOTO CMITTSI Ta PO3pOOKa METOAMKH BUOOPY KiJILKOCTI i1 MPOCTOPOBOrO PO3MillieHHsI Oe3neYHUX OpOiT yTuiIi3alii B 00J1acTi
HU3bKMX HAaBKOJIO3EMHMX OPOIT. ¥ CTAaTTi MpoaHali30BaHO MEPCHEeKTUBU BUKOPUCTAHHSI OPOITaIbHOI YTUIIi3allil KOCMiYHOTO
CMITT$ JIJI51 OUMILEHHS] HABKOJIO3EMHOTO KOCMIYHOTO MPOCTOPY BiJl TEXHOTEHHOTO 3a0pYyIHEHHS Ta OLIHEHO MOXJIMBOCTI TPU-
BaJIOr0 OPOITATHHOTO 30epiraHHsI i HACTYITHOTO ITOBTOPHOTO BUKOPUCTAHHS TSI PO3B’I3KY 3a1a4 TOAATbIIOTO OCBOEHHS Ha-
BKOJIO3EMHOTO KOCMiYHOTO TIPOCTOPY MPUCTPOIB, MPUJIAIiB i MaTepialiB, JEMOHTOBAaHUX 3 YTUJIi30BaHUX KOCMIYHMX 00 €KTIB.
CdhopMyIboBaHO Ta BUPILLIEHO P 3a1a4, 1110 BUHMKAIOTh MPU TJIaHYBaHHI i opraHizailii opOiTabHOI yTIJTi3allii KOCMiYHOTO
cMmiTTs. Po3po06ieHo MeTOaMKY BUBHAYEHHSI Oe3MeYHUX OpOIT YyTHITi3allii KOCMIYHOTO CMITTSI B 00J1aCTi HU3bKMX HABKOJIO3EMHMX
opOiT. MeTonuka 6a3yeThcs Ha cPOpMYIbOBaHil cUCTEMi KpUTEPIiiB. 3 BAKOPUCTAHHSIM PO3POOJIEHUX METOIMKH Ta MAKETY MPOo-
rpaM BU3HAYEHO MOKJIMBI OpOITH YTUITi3a1lii KOCMIYHOTO CMITTSI B 00J1aCTi HU3bKUX HABKOJIO3eMHUX OpOIT. OLliHEHO TPUBAJTICTh
JKUATTSI KOCMIYHOTO 00’€KTa Ha OpOiTi yTuiizallii, CTIKiCTh opOiTH yTHITi3allii Ha TpUBAJIMX YaCOBUX iHTEpBaJIaxX i eHEPreTUYHi
BUTpATH [UTSI TIEpEeBEACHHS KOCMIUHOTO 00’€KTa 3 poOb0ovoi opOiTh Ha opOiTy yTwiizaliii. HoBu3Ha oTpuMaHuX pe3yJbTraTiB Mo-
JISITa€ B pO3po0LIi METOAMKY KJIacTepu3aliii opoiT 00’ €KTIiB KOCMIYHOIO CMITTS, 1110 YTUII3YIOThCS, i1 pO3pO0LIi METOAMKU BUOOPY
MOXJIMBUX OpOIT yTUJIi3allil KOCMiYHOTO CMITTSI B 00JIaCTi HU3bKMX HABKOJIO3EMHMX OpOiT. OTpuMaHi pe3yJibTaTu MOXYTh 3Ha-
TU 3aCcTOCYBaHHS MIPU IJIaHYBAaHHI Ta OpraHizailii opOiTaabHOI yTUIi3allil KOCMiYHOTO CMITTSI.

Karouoei caosa: kocmiune cmimms, 8udaseHHs, NOXOBAHHA, YMUAIZAYIL, MAMEeMAMUYHe MOOCAHBAHHS.
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