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Abstract: Many space objects are densely distributed in the geostationary (GEO) band, and the
long-term impact of the collision of GEO spacecraft and space debris on the GEO environment has
attracted more and more attention. After summarizing the advantages and disadvantages of the
long-term evolution model based on the “Cube” collision probability calculation model, the “Grid”
model, a long-term evolution model especially suitable for GEO band, was established. For four types
of collision and disintegration events, the “Grid” model was used to study the space environment
in the GEO band after collisions between GEO spacecraft and space debris. Future collisions were
simulated, and the number of space objects in the next 100 years was counted. Once space debris and
massive spacecraft were completely disintegrated after collision, the number of space objects and
the collision probability increased sharply, and this caused a collision cascading syndrome. Even if
there was no initial disintegration event, collision and disintegration events occurred in the long-term
evolution of the GEO band, which led to an increase in the number of space objects. However, the
collision probability was much lower, and the number of space objects grew much more slowly
without the initial collision.

Keywords: geostationary orbit; space debris; collision cascade syndrome; long-term evolution

1. Introduction

With space launch activities, the number of space objects is increasing day by day,
especially in the geostationary (GEO) band, which is of great significance to communication
and navigation. There, the distribution of space objects is denser, and a large number of
spacecraft exist in a colocated manner [1-3]. As of the end of 2020, in a range of about
200 km from GEO in height, the number of space objects within 15° of latitude on both sides
of the equator exceeded 3500 [4-6]. As more and more spacecraft enter outer space, the
problem of spacecraft collision has become increasingly prominent [7-10]. The long-term
impact of the debris generated by the collision of GEO spacecraft with space debris on the
space environment of GEO has become a problem of increasing concern [11-13].

For space environment problems, many countries and institutions have established
long-term evolution models, mainly including: the LEO (Low Earth Orbit)-to-GEO En-
vironment Debris (LEGEND) model and EVOLVE model of National Aeronautics and
Space Administration (NASA) [14-16], the Meteoroid and Space Debris Terrestrial Environ-
ment Reference (MASTER) of European Space Agency (ESA) [17], the Debris Analysis and
Monitoring Architecture for the Geosynchronous Environment (DAMAGE) and Integrated
Debris Evolution Suite (IDES) of Britain [18,19], the Space Debris Mitigation long-term
analysis program (SDM) of Italy [20], Modelling the Evolution of Debris in the Earth’s
Environment (MEDEE) of France [21], and the Long-Term Ultility for Collision Analysis
(LUCA) of Germany [22]. Since the prediction of future collision is random, the Monte
Carlo stochastic algorithm has been employed to predict future events [23]. The “Cube”
collision probability calculation model was employed in the DAMAGE and LEGEND
models [24,25]. The space is divided into discrete units from three dimensions of geocentric
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distance, right ascension, and declination. It is assumed that the motion of space objects
in the discrete units is like that of gas molecules, and the collisions in each discrete unit
are studied. However, the deficiency of the “Cube” model is that the prediction of the
position of the space objects according to the motion characteristics of gas molecules does
not conform to orbital dynamics. Zhang Binbin from the National University of Defense
Technology established a layered discretization model for the macroscopic quantity of
space density in the near-Earth space. The space environment for the next 200 years was
predicted. The long-term evolution and distribution characteristics of the debris cloud, the
hazard of collision of large spacecraft with space debris, and the impact of the large satellite
constellations on the space environment were studied [26].

On the space environment problem of GEQO, [27] analyzed the diffusion of newly
generated space debris after the collision between GEO spacecraft and space debris. Space
debris spread to the entire GEO region in about half a day, posing a greater threat to
spacecraft in GEO band. Ref. [28] analyzed the collision hazard of newly generated debris
to GEO spacecraft within 3 days after the collision of a GEO spacecraft with space debris
without the support of ground observation data.

On the space environment problem after the collision of GEO spacecraft with space
debris, the advantages and disadvantages of long-term evolution models were inves-
tigated [29]. Based on the “Cube” collision probability calculation model, the current
paper improved its deficiencies in describing the motion characteristics of space objects
and established the “Grid” model, a model especially suitable for long-term evolution
analysis of space objects in the GEO band. The “Grid” model was used to simulate the
long-term evolution of the space environment in the GEO band after a GEO spacecraft
collides with space debris. For four types of collision events, the model was used to study
the space environment in the GEO band in the next 100 years and obtain the long-term
diffusion characteristics of space debris and the growth in the amount of space debris in
the GEO band.

The remaining parts of the paper are organized as follows. Section 2 presents the
collision hazard analysis and modelling. Section 3 presents a simulation the GEO space
environment after a collision between GEO spacecraft and space debris and provides a
description of the experimental results. Section 4 is the conclusion.

2. Collision Hazard Analysis and Modelling

When calculating the collision probability of space objects, if the collision probability
between any pair of space objects is calculated at each time step, the time complexity

is o (N I ﬁ), where N is the number of space objects, t is the time span, and step is

the time step of the numerical integration used for the orbital long-term propagation.
Obviously, there is a huge amount of calculation in practice, especially when ¢ is large
and the feasibility is poor. The space is discretized and divided into m independent units.
Assuming that collisions occur only in discrete units, the time complexity of the calculation

will be reduced to o ( (%) IN - @) Therefore, the GEO space is first discretized, then

the collision probability between space objects in each unit is calculated, and then a space
environment analysis model is established to simulate the space environment in the future.

2.1. GEO Band Discretization

The GEO band ranges within 200 km from GEO in height and 15° of latitude on both
sides of the equator. The GEO band is discretized from two dimensions of right ascension
A and declination J. The volume unit is defined as:

|r —as] <100 km, A — ;| < Q,|{5—(5i| < %,

= 6] < 15°} M

Vij = {(V//\/fs)




Aerospace 2022, 9, 258

30f16

where a5 = 42,165.8 km is the GEO nominal orbital semi-major axis, Ad = AA = 0.5".To
simplify the calculation of the collision probability between space objects, the following
assumptions are made:

first, for any two space objects, collisions may occur only when the two space objects
are in a volume unit at the same time;

second, in a volume unit, collisions occur between only two space objects, and there is
no simultaneous collision of more than two;

third, the center of mass of each space object coincides with the center of its circum-
scribed envelope sphere;

fourth, since the collision of two space objects lasts for a very short time, the uncertainty
of the velocity vector during the collision is ignored.

Under the above assumptions, the space objects collision problem in the GEO band is
transformed into a collision problem within each independent volume unit.

2.2. Collision Probability of Space Objects within the Volume Unit

For two space objects E and P in a volume unit, their circumscribed envelope sphere
radii, position vectors, and velocity vectors are defined as Rg, Rp; rg, rp; and vg, vp,
respectively. Then the sum of the radius, the relative position vector, and the relative
velocity vector are as follows:

Ro=Rg+Rp (2)
r=1p—rg 3)
v =vp—UE 4)

When the distance between the two space objects is less than the sum of the radius
of the circumscribed envelope sphere, that is, |r| < Ry, the two space objects collide. The
right-handed coordinate system is centered at the center of mass of E. Taking the center of
mass of E as the center of the sphere, and taking Ry as the radius, the spherical surface is
the collision sphere, denoted as S. The inflow velocity scalar v;; is the velocity of the space
object P entering the collision ball, and the outflow velocity scalar ;! is:

- | —vy-n, v,-n<0
v”{ 0 ,9,-1>0 ©®)

+ Vyn, Up-n >0
v"_{O , opn<0 ©)

where n is the outer normal vector of the collision sphere surface S. The inflow probability
P~ and the outflow probability P* in the time period (1, t) are as follows:

T = /tlt dt}if(r)v,?ds @)
t = /tlt dtﬂif(r)vn*ds ®)

where f(r) is the probability density function of the relative position vector in space. The
inflow probability and outflow probability per unit time at ¢ are:

py (t) = dp_ ff v, ds )

pr () =" = | flryupds (10)
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where p, (t) is the probability of collision between E and P in unit time at time ¢. Since the
space objects E and P obey the three-dimensional Gaussian distribution, the expectation
of E is ur = rg, and the covariance matrix of E is Cr. The expectation of P is pp = rp, and
the covariance matrix of P is Cp. Since E and P are independent of each other, r obeys a
three-dimensional Gaussian distribution, and its expectation and covariance are:

Mr=1p —1E (11)
Cr=Cp+Cg (12)

According to the Gauss formula:

{[[ £(r)ao = ﬁ F(r)oy ds — fg F(r)otds =P — P (13)
Vij

The probability that the space object P flows out of the collision ball is 0, that is, P = 0.
The collision probability of E and P per unit time at time ¢ is:

=P = [[[ f(r)do (14)
Vij

According to the collision probability calculation method in [28], the collision proba-
bility of two space objects in unit time at time ¢ is obtained:

2
Py = exp {—;'22} [1 — exp (—iz%)] (15)

The collision probability at the time ¢ = t;_, 1 is the average collision probability in the
time [tx, tx41]. The product of the collision probability at this moment and the length of
the time interval is the collision probability in this period. The expectation of collisions at
the time step [tg, fx, 1] is the sum of the product of the collision probability and the time
interval in each volume unit, namely:

N AW
E(Ptk‘)thrl) = Z /t Pe(i, j)dt = Z Pr(i,7) (trg1 — te) (16)
ij>i Noij>i

where, P;(i, j) is the collision probability of two space objects in the same volume unit at
time t = 54 1.

2.3. Collision Hazard Analysis Steps

According to the characteristics of the GEO orbit, a long-term evolution and collision
analysis model of space debris especially suitable for the GEO band, the “Grid” model,
was established. The “NASA Standard Breakup Model” was employed as the collision
disintegration model in the “Grid” model [30]. The semianalytical perturbation solution of
the averaged Kepler orbital elements given by Kozai’s perturbation method was employed
as the orbit propagation model [31,32]. Future launches and space debris removal strategies
were not considered. The steps of the “Grid” model are:

first, the GEO area is divided into grids from two dimensions, right ascension and
declination, as stated in Section 2.1;

second, the semianalytical orbit model is used to propagate the orbit of space objects
with a time step of 24 h;

third, the collision probability of space objects in each grid at the current time step is
calculated, as stated in Section 2.2;
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fourth, a randomly generated number is used to determine whether a collision has
occurred between any two space objects in each volume unit. A random number F between
(0, 1) is generated. If F < P, the two space objects collide in the volume unit at the moment.
Otherwise, there is no collision;

fifth, if a collision occurs, the space object pool is updated to perform collision proba-
bility calculation, collision prediction, and collision simulation for the next time step. If
no collision occurs, the collision probability calculation, collision prediction, and collision
simulation of the next time step are directly continued.

3. Simulation and Results

Space debris from the Molniya orbit and the GEO band were selected to collide with
the spacecraft AMC-2. Launched from Guiana Space Center in 1997, AMC-2 is a commercial
communications satellite of the United States. The NORAD (North American Aerospace
Defense Command) ID of AMC-2 is 24,713, and the mass of AMC-2 is 2648 kg. AMC-2 is
located above 100.98° W longitude. The energy ratio was defined as:

2
. myo

Ep=

2, (17)

The threshold energy ratio was defined as Ep* = 40 kJ/kg. According to NASA
Standard Breakup Model [29,33], if Ep < Ej}, the space objects will be incompletely disinte-
grated. If Ep > Ej}, the space objects will be completely disintegrated. The disintegration
mass was defined as:

2
1pv %
[km/s]2’ Ep <Ep

mt + mp/ EP 2 El*?
Mot = (18)

According to the method of [27], the collision velocities of space debris from Molniya
orbit and the GEO band with the spacecraft were 2980.6 m/s and 802.6 m/s, respectively.
Therefore, if the mass of space debris from the Molniya orbit were greater than 23.8 kg, the
two space objects would completely disintegrate, and if its mass were less than 23.8 kg,
they would incompletely disintegrate. If the mass of space debris from the GEO band
were greater than 328.9 kg, the two space objects would completely disintegrate, and if
its mass were less than 328.9 kg, they would incompletely disintegrate. The complete
and incomplete disintegration of the two types of debris and the GEO spacecraft were
simulated, as shown in Table 1.

Table 1. Four types of simulations.

Type Debris Source Mass Collision Velocity Disintegration
1 Molniya orbit 25 2980.6 m/s completely
2 GEO band 330 802.6 m/s completely
3 Molniya orbit 8 2980.6 m/s incompletely
4 GEO and 8 802.6 m/s incompletely

The initial GEO population, including the classical orbital elements, was obtained
through space track [34]. The number of initial space objects was 1511. With the “Grid”
model, long-term evolution analysis was carried out. The GEO band was divided into grids
every 0.5°. (—15°, 15°) declination was divided intoi =1, 2, ... , 60 layers; the i-th layer
represented declination [—15 + 0.5(i — 1), —15 + 0.5i] . The right ascension was divided

intoj=1,2,..., ayers, and the j-th layer represente . —1),0. O. i, 1) referred to:
intoj=1,2 720 lay d the j-th layer rep d [0.5(j —1),0.5]] . (j, i) referred

Vi = {(r,/\,é)’|r — a,| < 100km, [05(j —1)] < A < (05)),[<15+0.5(i —1)] < 6 < (—15+0.5)" }
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A timestep of 86,400 s was taken to analyze the number of collisions in the next
100 years, and the growth in the total number of space objects in or passing through
the GEO band with size greater than 0.05 m was studied. In the collision analysis, only
collisions between space objects with sizes larger than 0.05 m were analyzed; the influence
of space debris with size smaller than 0.05 m was ignored. Future launch activities and
debris removal were ignored. Since the Monte Carlo simulation was used for the prediction
of collision events, the results of each simulation were uncertain. Therefore, for each
scenario, 20 independent repetitions of the simulation were conducted.

3.1. Complete Disintegration Simulation
3.1.1. Scenario No. 1

In scenario No. 1, AMC-2 collided with space debris from the Molniya orbit at 0:00 on
1 February 2022. The classical orbital elements of the space debris are shown in Table 2. The
relative velocity was 2980.6 m/s. The mass of the space debris was 25 kg. The spacecraft
and the space debris disintegrated completely. The space environment 100 years after the
collision was simulated.

Table 2. Classical orbital elements of space debris from Molniya orbit.

Element Data Element Data
a/m 26,556,000 Q/° 156.639
e 0.7456 w/° 345.037
i/° 63.40 m/° 244.247

The results of 20 simulation experiments under this scenario are shown in Figure 1.
The abscissa represents the order of the simulation experiments. The left ordinate represents
the total number of space objects with a characteristic size greater than 0.05 m in the GEO
band after 100 years. The right ordinate represents the total number of collisions within
100 years in the simulation. In 100 years, an average of 166 collisions occurred, and the
total number of GEO space objects after 100 years averaged 18,797. The standard deviation
of the number of collisions was 8.8, and the standard deviation of the total number of space
objects after 100 years was 626.0.

The simulations with the largest and smallest numbers of space objects after 100 years
in this scenario are shown as Figure 2. The red dotted lines represent the total number
of collisions since the first collision at 0:00 on 1 February 2022, and the blue solid lines
represent the number of space objects larger than 0.05 m in the GEO band.

Within 100 years after the first collision, 180 and 143 collisions occurred in the simula-
tions depicted in Figure 2a,b, respectively. The amount of space debris produced by the
initial collision was 1603, and the total number of GEO space objects increased from 3114 to
19,672 and 17,566, respectively.

3.1.2. Scenario No. 2

In scenario No. 2, AMC-2 collided with space debris from the GEO band at 0:00 on 1
February 2022. The classical orbital elements of the space debris are shown in Table 3. The
relative velocity was 802.6 m/s. The mass of the space debris was 330 kg. The spacecraft
and the space debris disintegrated completely. The space environment 100 years after the
collision was simulated.

The results of 20 simulation experiments under this scenario are shown in Figure 3.
The abscissa represents the order of the simulation experiments. The left ordinate represents
the total number of space objects with a characteristic size greater than 0.05 m in the GEO
band after 100 years. The right ordinate represents the total number of collisions within
100 years in the simulation. In 100 years, an average of 234 collisions occurred, and the
total number of GEO space objects after 100 years averaged 48,443. The standard deviation
of the number of collisions was 5.3, and the standard deviation of the total number of space
objects after 100 years was 2423.1.
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Figure 2. Two simulations of the first scenario: (a) simulation with the largest number of space objects
after 100 years; (b) simulation with the smallest number of space objects after 100 years.

Table 3. Classical orbital elements of space debris from GEO band.

Element Data Element Data
a/m 26,556,000 Q/° 336.639
e 0.6778 w/° 0
i/° 63.40 m/° 0

The simulations with the largest and smallest number of space objects after 100 years
in this scenario are shown as Figure 4. The red dotted lines represent the total number
of collisions since the first collision at 0:00 on 1 February 2022, and the blue solid lines
represent the number of space objects larger than 0.05 m in the GEO band.

Within 100 years after the first collision, 228 and 241 collisions occurred in the simula-
tions depicted in Figure 4a,b, respectively. The amount of space debris produced by the
initial collision was 1736, and the total number of GEO space objects increased from 3247 to
52,253 and 43,480, respectively.

3.2. Incomplete Disintegration Simulation
3.2.1. Scenario No. 3

In scenario No. 3, AMC-2 collided with space debris from the Molniya orbit at 0:00
on 1 February 2022. The classical orbital elements of the space debris are shown in Table 2.
The relative velocity was 2980.6 m/s. The mass of the space debris was 8 kg. The spacecraft
and the space debris disintegrated incompletely. The space environment 100 years after the
collision was simulated.
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Figure 4. Two simulations of the second scenario: (a) simulation with the largest number of space
objects after 100 years; (b) simulation with the smallest number of space objects after 100 years.

The results of 20 simulation experiments under this scenario are shown in Figure 5.
The abscissa represents the order of the simulation experiments. The left ordinate represents
the total number of space objects with a characteristic size greater than 0.05 m in the GEO
band after 100 years. The right ordinate represents the total number of collisions within
100 years in the simulation. In 100 years, an average of 37 collisions occurred, and the total
number of GEO space objects after 100 years averaged 6656. The standard deviation of
the number of collisions was 1.8, and the standard deviation of the total number of space
objects after 100 years was 272.7.

The simulations with the largest and smallest numbers of space objects after 100 years
in this scenario are shown as Figure 6. The red dotted lines represent the total number
of collisions since the first collision at 0:00 on 1 February 2022, and the blue solid lines
represent the number of space objects larger than 0.05 m in the GEO band.

Within 100 years after the first collision, 35 and 39 collisions occurred in the simulations
depicted in Figure 6a,b, respectively. The amount of space debris produced by the initial
collision was 142, and the total number of GEO space objects increased from 1653 to 7015
and 6124, respectively. Eight of the 74 collisions occurred between the newly disintegrated
debris, and the remaining 66 collisions occurred between the original space objects.

3.2.2. Scenario No. 4

In scenario No. 4, AMC-2 collided with space debris from the GEO band at 0:00 on 1
February 2022. The classical orbital elements of the space debris are shown in Table 3. The
relative velocity was 802.6 m/s. The mass of the space debris was 8 kg. The spacecraft and
the space debris disintegrated incompletely. The space environment 100 years after the
collision was simulated.
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Figure 6. Two simulations of the third scenario: (a) simulation with the largest number of space
objects after 100 years; (b) simulation with the smallest number of space objects after 100 years.

The results of 20 simulation experiments under this scenario are shown in Figure 7.
The abscissa represents the order of the simulation experiments. The left ordinate represents
the total number of space objects with a characteristic size greater than 0.05 m in the GEO
band after 100 years. The right ordinate represents the total number of collisions within
100 years in the simulation. In 100 years, an average of 20 collisions occurred, and the total
number of GEO space objects after 100 years averaged 5039. The standard deviation of
the number of collisions was 1.3, and the standard deviation of the total number of space
objects after 100 years was 12.5.

The simulations with the largest and smallest numbers of space objects after 100 years
in this scenario are shown as Figure 8. The red dotted lines represent the total number
of collisions since the first collision at 0:00 on 1 February 2022, and the blue solid lines
represent the number of space objects larger than 0.05 m in the GEO band.

Within 100 years after the first collision, 21 and 22 collisions occurred in the simulations
depicted in Figure 8a,b, respectively. The amount of space debris produced by the initial
collision was 45, and the total number of GEO space objects increased from 1556 to 5053 and
5014, respectively. Among the 43 collisions, 5 occurred between the newly disintegrated
debris, 6 occurred between the new disintegrated debris and the original space objects, and
the remaining 32 collisions occurred between the original space objects.

There was uncertainty about the occurrence of collisions in the simulations. For the
20 simulations in each scenario, although the results of each simulation were different, the
numbers of newly generated space objects and the numbers of collisions in each simulation
were close to each other. The simulation results of the “Grid” model for the future space
environment were stable.



Aerospace 2022, 9, 258 13 of 16

5060 —H— T E T F T T T T F‘ T 22
L [
. :-'_ . ==@== Number of space objects
H . . % ==k = Collision times
u | | - .
5050 | T‘. -
L] [ ] -
2 H -
(8} - - u
9 . x "
o = = »n
o = = o
Os040r | : £
: o 5
@ v S
5 L 2
= 5030 - n 5
o H (&)
g .
= H
5020 - H
i
*
5010 | ‘ | 1 ] ] | 1 ] 17
0 2 4

6 8 10 12 14 16 18 20
Simulation times

Figure 7. Twenty simulation experiments of scenario 4.

10,000 T T T T T T T T T 40
== Number of space objects
=mmmm Collision times

§J)

[T}

2

2 8
8 ~ E
S 5000 =100 S

[ ‘I EED i

% J l.-..-......"." :%
= n -’.. %
g .’. L " o
E angumd™”

: 4EEN
Z P

.I .’
o~
4
0 o 1 1 | 1 1 1 1 1 1 0
0 10 20 30 40 50 60 70 80 90 100

t (year)
(a)

Figure 8. Cont.



Aerospace 2022, 9, 258

14 of 16

6000 T T T T T T T T T 25
= Number of space objects
==m== Collision times re
3
t
‘.‘e a4 -.
b -~
.q, st
g i g
8 4000 115 §
© ==
& S
s 2
5 3000 110 ©
o (&)
S
=S — -
Z aEN " .
l..
2000 - 15
4!-..
1000 | 1 1 | | | | | | 0
0 10 20 30 40 50 60 70 80 90 100
t (year)
(b)

Figure 8. Two simulations of the fourth scenario: (a) simulation with the largest number of space
objects after 100 years; (b) Simulation with the smallest number of space objects after 100 years.

4. Conclusions

According to the orbital characteristics of the space objects in the GEO band, a long-
term evolution model, the “Grid” model, was established. The “Grid” model was used
to study the space environment in the GEO band after the collision between GEO space-
craft and space debris. The four types of scenarios were simulated many times, and the
conclusions were as follows:

First, once space debris collided with the GEO spacecraft and both completely disin-
tegrated, the number of space objects increased rapidly. Consequently, the probability of
collision increased significantly. With the spread of space debris, the spatial distribution
was relatively stable, and the probability of collision gradually decreased, but collisions
continued to occur;

Second, the greater the mass of the space debris colliding with the GEO spacecraft
was, the greater the relative velocity was, and the more serious the consequences were. The
deterioration in the GEO environment caused by the two complete disintegration events
was much greater than that of the two incomplete disintegration events.

Once the space debris and the massive spacecraft were completely disintegrated
after collision, the number of space objects increased rapidly, the collision probability also
increased sharply, and the collision cascading syndrome occurred. However, during the
lifetime of the spacecraft, the probability of the initial collision between the spacecraft and
space debris was small, especially for scenarios 1 and 2.

From the two scenarios of incomplete disintegration, even if there was no initial
disintegration event, collision and disintegration events occurred in the long-term evolution
of the GEO band, which led to an increase in the number of space objects. However,
compared with the scenarios of initial complete disintegration, the collision probability
was much lower, and the number of space objects grew much more slowly.
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