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This paper aims to assess the risk of mission termination for a large constellation of satellites in a low-Earth orbit.
Many large constellations will be deployed to provide broadband network services using thousands of satellites. There
is concern that such large constellations will have a serious impact on the long-term sustainability of outer space
activities due to the rapid increase in population. First, therefore, the authors conducted an assessment under nominal
activities (referred to as “business-as-usual”) on the basis of a prediction by ESA’s MASTER-2009 and NASA
standard breakup model 2001 revision. The assessment found that nearly one catastrophic collision may happen in
a large constellation, generating more than two million fragments as small as 1 mm in size. Second, the authors
conducted a further assessment assuming a hypothetical collision of a satellite in a large constellation using the NASA
standard breakup model and a spherical finite element model adopted in ESA’s MASTER-2009. In consequence,
another catastrophic collision may happen to a large constellation, generating approximately a half-million fragments
as small as 1 mm in size. Therefore, such catastrophic collisions and resulting secondary collisions should be prevented

for large constellations.
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1. Introduction
The deployment of large constellations has been causing a
rapid increase in the number of satellites orbiting the Earth
and posing a major threat against the safety of the space
environment. It is estimated that by 2030 there will be three
times as many satellites as in 2018, most of which are to be
launched into Low-Earth Orbit (LEO). The high congestion
in the LEO region has already been affecting some satellite
operators. For example, in 2019, ESA needed to move the
Aeolus satellite to avoid a collision with Starlink 44, one of
the satellites in SpaceX’s constellation.” This was the first
time for ESA to conduct a collision avoidance maneuver
against a satellite constellation. ESA has reported that the
number of close approaches to the satellites has been in-
creasing over the years, and that this trend is estimated to
be accelerated as the number of satellite constellations in-
creases.” The Inter-Agency Space Debris Coordination
Committee (IADC) has stated that the conventional debris
mitigation guidelines are not sufficient to manage upcoming
constellations effectively.4) Therefore, further efforts need to
be made by constellation operators to protect their own con-
stellations as well as the surrounding spacecraft. To address
this issue, some space agencies and private companies in-
cluding SKY Perfect JSAT Corporation are currently work-
ing on the research and development of active debris remov-
al (ADR).

ADR is mainly designed for removing larger objects, such
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as defunct satellites or rocket upper-stages, and smaller ob-
jects such as fragmentation debris are not considered as
targets. However, recent studies indicate that small and un-
tracked objects can also cause serious problems to the orbital
environment. Especially, debris with a diameter of 1 mm and
10cm are generally untracked from ground observatories,
but they still have enough potential to cause mission-ending
damage once they collide with operational satellites.” On 23
August 2016, a small fragment collided with the ESA Sen-
tinel 1A satellite. An investigation has revealed that the
impactor had almost the same characteristics as an alumi-
num sphere only 5mm in diameter.®’ The output power of
the solar array pointing in the direction of flight dropped by
280 W from a nominal 6000 W, but fortunately this event
had no effect on the satellite’s routine operations, which
continue normally. This event implies that even a tiny object
may make mission execution difficult depending on the de-
gree of damage, however. The number of objects larger than
1 mm is estimated to exceed 100 million,” which is much
higher than trackable objects (approximately 23,000 ob-
jects). Operational satellites, including satellites in constel-
lations, are vulnerable to those “invisible” objects since
spacecraft can neither detect nor avoid such debris.

To assess the influence of such smaller objects as well as
larger trackable objects, space debris environmental models,
such as NASA’s ORDEM 3.0 and ESA’s MASTER-2009,
are widely used. Both models can compute the space debris
population including smaller particles as a function of colli-
sion flux, which represents the impact rate per unit time per
unit area. The accumulated flux data indicates the expected
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number of collisions and the collision probability for a cer-
tain satellite throughout its lifetime. Therefore, these models
have been chosen for the constellation assessment tool, and
recently there has been increasing interest towards analysis
including smaller objects. Radtke et al.” use MASTER-2009
to include space objects down to 3 cm in size into the eval-
uation of collision probability associated with the OneWeb
satellite constellation, and also consider fragments generated
by a hypothetical self-induced collision to assess the impact
on the constellation itself. Le May et al.¥ chose OneWeb
and SpaceX constellations and evaluated the probability of
collision with space objects larger than 3 mm in size.

This paper aims to assess the risk of mission termination
for a large constellation of satellites in LEO. Following the
report of Liou,” this paper assumes that debris with a di-
ameter of 1 mm or larger still has enough potential to cause
mission-ending damage. In addition, this paper focuses not
only on the number of such collisions, but also on the num-
ber of resulting fragments to assess the risk of mission ter-
mination due to secondary collisions. First, this paper eval-
uates the collision flux for satellites in a large constellation
under nominal activities (referred to as “business-as-usual’)
on the basis of a prediction by ESA’s MASTER-2009. Then,
this paper uses the NASA standard breakup model 2001
revision to estimate how many collisions might lead to fatal
damage or make the mission execution difficult in terms of
an energy-to-mass ratio, defined as the relative kinetic en-
ergy of the smaller object divided by the mass of the larger
object. Second, this paper evaluates the collision flux for
satellites in a large constellation after a hypothetical cata-
strophic collision. This evaluation also uses the NASA
standard breakup model 2001 revision and a spherical finite
element model adopted in ESA’s MASTER-2009. Finally,
the authors conclude that it is necessary to remove defunct
satellites in constellations and fragmentation debris for the
long-term sustainability of outer space activities.

2. Large Constellation

Figure 1 illustrates a large constellation of satellites at an
altitude of 1200km, which is assessed in this study. The
large constellation contains 1980 satellites, with 55 satellites
evenly distributed in each of 36 orbital planes. All of the
orbital planes are assumed to be circular at the same incli-
nation, 87.9deg. The ascending nodes of 36 orbital planes
are distributed around the equator at intervals of 5.1 deg. At
any given time, therefore, half of the satellites are going
northward and the other half are going southward, as in
the “street of coverage” constellation pattern.

Figure 2 illustrates each satellite’s configuration in the
constellation, a box-wing type with a main cuboid body
and two flat solar array paddles. The volume of the main
body is 1.3 m by 1.0 m by 1.0 m, while the area of each solar
array paddle is 1.0m by 1.3 m. The main body and the solar
array paddles are 1.0 m apart. The mass of each satellite is
assumed to be 147.7 kg. Finally, the constellation assumes to

11

Fig. 1. Large constellation of satellites in low-Earth orbit.

1300

UNIT: mm

Fig. 2. Configuration of satellites in the large constellation.

start its service at the beginning of 2020, with 1980 satellites
fully deployed in the constellation from the beginning. Ad-
ditionally, its service assumes to last for 30 years with 1980
satellites at all times, without consideration of replacements
or spares.

3. Risk Assessment under Nominal Activities

As described in the Introduction, NASA’s ORDEM and
ESA’s MASTER are widely used to assess the risk of mis-
sion termination for space missions. As also described in the
Introduction, this paper focuses not only on the number of
collisions that may cause mission termination, but also on
the number of resulting fragments to assess the risk of mis-
sion termination due to secondary collisions. For this aim,
the authors utilize ESA’s MASTER instead of NASA’s OR-
DEM because ESA’s MASTER generates the cell passage
event (CPE) dump files necessary for estimating the number
of resulting fragments. Therefore, this section assesses the
risk of the large constellation described in the previous sec-
tion over the full-service duration of 30 years on the basis of
a prediction made using ESA’s MASTER-2009.” The latest
version of ESA’s MASTER-8 is currently available, but it is
not utilized because its prediction is available until Novem-
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Fig. 3. Collision flux for the large constellation over the full-service du-
ration.

ber 1, 2036, not covering the full-service duration as-
sumed. The prediction made using the previous version of
ESA’s MASTER-2009 is available until May 1, 2055, cov-
ering the full-service duration assumed.

The risk assessment is conducted under business-as-usual
conditions. Business-as-usual is one of the future population
evolution scenarios in ESA’s MASTER-2009. In this sce-
nario, explosion traffic and solid-rocket motor firing traffic
are not reduced (to continue as usual), and mitigation meas-
ures are not implemented. This risk assessment also does not
take into account fragments that may be released from the
large constellation in comparison to the description provided
in Section 4. As plotted in Fig. 3, the collision flux for the
large constellation orbit over the full-service duration is ap-
proximately 6.0 x 1073 impacts/m?/year, with some fluctu-
ation. Note that there is no significant difference in the pre-
diction due to the difference in the ascending node, and
Fig. 3 demonstrates the case that the ascending node is
Odeg.

The number of impacts that may happen to the large
constellation can be estimated using Fig. 3. However, this
study utilizes the NASA standard breakup model 2001 re-
vision!? for the CPE dump files from ESA’s MASTER-
2009 to estimate the number of fragments that the large
constellation may release. The probability of collision with
an object listed in the dump files can be evaluated as

Pel = PAAT (1

where @ is the individual flux contribution in the CPE dump
files, A is the effective cross-sectional area, and AT is the
simulation duration. The effective cross-sectional area A is

expressed as
2
A= <Dsat + Dobj)
2

where Dy, is the diameter of each satellite in the large con-
stellation, and Dy, is the diameter of the object that collides
with the satellite, which is also provided with the CPE dump
files. To calculate Dgy, this study only considers the main
body that does not include appendages such as solar array

12

panels, and its average cross-sectional area is assumed to be
one quarter of the total surface area.

The NASA standard breakup model describes the number
of fragments larger than a given characteristic length (in m),
Lc, as

Ny = 0.1M0.75LEI.71

tot

)

where the value of M, is defined as the total mass (in kg) of
both objects in a catastrophic collision, where both objects
are totally fragmented. In a non-catastrophic collision, pri-
marily characterized by fragmentation of the smaller object
and by cratering of the larger object, the value of My is
defined as the product of the mass (in kg) of the smaller
object and the square of the collision velocity (in km/s) with
a proportional factor of 1s%/km?, giving the ejecta mass (in
kg). The smaller object is assumed to be fragmented in every
collision and its mass is added to the ejecta mass. Note that
the NASA standard breakup model defines the characteristic
length as the average of three orthogonal projection dimen-
sions, representing the size of fragments generated.

The NASA standard breakup model utilizes an energy-to-
mass ratio defined as the relative kinetic energy of the small-
er object divided by the mass of the larger object. If the
energy-to-mass ratio is equal to or greater than 40J/g, then
the collision is catastrophic. It should be known that the
relative kinetic energy of the smaller object can be calcu-
lated as

L

E=-
21”11)

rel

where m is the mass (in kg) of the smaller object and v, is
the relative velocity (in m/s). The energy-to-mass ratio is
thus given by

EMR E 1m ,

= — = — —V
M oM rel

where M is the mass (in g) of the larger object. Figure 4

plots the energy-to-mass ratio of 40J/g, which is the crite-

rion for whether a collision is catastrophic or non-cata-
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Fig. 4. Energy-to-mass ratio as a function of mass of colliding object and
relative velocity.



Trans. JSASS Aerospace Tech. Japan Vol. 20 (2022)

Table 1. The number of impacts and the number of fragments as expected values in terms of the energy-to-mass ratio.
Energy-to-mass ratio [J/g] No. of impacts [—] No. of fragments [x10°]
>0 633.8 2.521
>0.001 351.0 2.516
>1 4.475 2451
>2 3.166 2.442
>5 2.101 2.429
>10 1.567 2.416
>20 1.213 2.401
>40 0.9794 2.384

strophic. Figure 4 also plots the energy-to-mass ratios of 1J/
g and 1073 J/g. For satellites in the constellation, an energy-
to-mass ratio of 1J/g represents a head-on collision with a
l-cm-diameter aluminum sphere, and an energy-to-mass ra-
tio of 1073 J/g represents a head-on collision with a 1-mm-
diameter aluminum sphere. Therefore, a collision with the
former ratio or higher may lead to fatal damage, and a col-
lision with the latter ratio or higher may make mission ex-
ecution difficult depending on the damage. Note that the
satellite in the constellation is regarded as the larger object
in calculating the energy-to-mass ratio when the mass of a
colliding object is 147.7kg or less, but the satellite in the
constellation is regarded as the smaller object when the mass
of a colliding object is 147.7 kg or more.

The number of fragments as an expected value can be
calculated as the product of the probability of collision in
Eq. (1) and the number of fragments in Eq. (2). Finally, the
number of fragments that the large constellation may release
over the full-service duration can be estimated by summing
the number of fragments as expected for all individual ob-
jects in the CPE dump files. Table 1 summarizes the number
of impacts and the number of fragments expected for some
energy-to-mass ratios. Approximately 634 impacts with
space debris larger than 1 mm in size may happen to the
large constellation, resulting in approximately 2.5 million
fragments also as small as 1 mm in size. Table 1 indicates
that nearly one catastrophic collision may happen to the
large constellation once. Furthermore, a few collisions
may lead to fatal damage and approximately 350 collisions
may make mission execution difficult. Therefore, a service
satellite that removes defunct satellites in the constellation is
essential to realizing and sustaining such a large constella-
tion.

4. Further Risk Assessment after a Hypothetical Cata-
strophic Collision

This section assumes a catastrophic collision of a satellite
in the constellation, as estimated in the previous section, and
then conducts a further risk assessment over the remaining
service duration. The collision is assumed to take place at
the beginning of 2030. The deployment of satellites in the
constellation at the time of the collision is assumed to be the
same as the initial deployment at the beginning of 2020.
Both right ascension of the ascending node and mean anom-
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aly of the satellite it collides with are assumed to be 0deg.
The colliding space debris mass is assumed to be 920.8 kg to
generate 2.5 million fragments as small as 1 mm in size. This
coincides with the number of fragments that the large con-
stellation may release over the full-service duration, as can
be seen from the data in Table 1. Of course, this study
applies the size distribution for collision fragments using
the NASA standard breakup model. It is almost impossible
to uniquely determine the impact velocity, azimuth, and
elevation of space debris involved in the collision, however.
Therefore, this study applies the velocity distribution for
explosion fragments in the NASA standard breakup model.
Note that modifications that ESA’s MASTER-2009 made to
the NASA standard breakup model also apply.

To evaluate the collision flux of fragments generated, this
study applies a spherical finite element model, which is also
utilized in ESA’s MASTER-2009. Outer space around the
Earth is split into cells in terms of geocentric right ascension,
declination, and distance. The dimension of a cell is set to
10deg in geocentric right ascension, 2deg in geocentric
declination, and 10km in geocentric distance. If a piece of
fragment passes through a cell in which a satellite in the
constellation also passes, then the satellite has a probability
of colliding with the piece of fragment in the cell. The
collision flux, @, for a cell is calculated by

_pp'Av
Vcell

P

where p and p’ are the probabilities that the satellite and the
piece of fragment will be in the cell, respectively, Av is the
relative velocity between the satellite and the piece of frag-
ment, and V¢ is the volume of the cell containing both the
satellite and the piece of fragment. The collision flux along
the orbit can be calculated by summing up individual colli-
sion flux contributions evaluated in all cells through which
the satellite passes.

Figure 5 compares the effective number of fragments for
each altitude bin right after the collision (2030) and after the
remaining service duration (2050). The size of the altitude
bin is fixed to be 20 km. The effective number below 640 km
and above 1160 km decreases, but the effective number be-
tween 640km and 1160 km increases. In other words, the
orbital environment at altitudes of 640km and 1160km is
worse than right after the collision. This altitude range in-
cludes sun-synchronous orbits that are useful for remote
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Fig. 5. Effective number of fragments for each altitude bin right after the
collision (2030) and after the remaining service duration (2050).
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Fig. 6. Collision flux of fragments for each orbital plane right after the
collision.

sensing. Accordingly, such collisions must be prevented for
the long-term sustainability of outer space activities.
Figure 6 shows the collision flux of fragments for each
orbital plane right after the collision. The collision flux of
fragments ranges from 103 to 107! impacts/m?/year de-
pending on the difference in the ascending node between the
orbital plane where the satellite collision took place and each
orbital plane. It can be seen that the collision flux of frag-
ments for the same orbital plane where the satellite that
collided with space debris is the smallest. The relative ve-
locity at the intersections of two different orbital planes in
the constellation increases as the difference in the ascending
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Fig. 7. Maximum, mean, and minimum collision flux of fragments over
the remaining service duration.

node increases. Therefore, the larger the difference in the
ascending node, the larger the collision flux of fragments
tends to be.

Figure 7 plots the maximum, mean, and minimum colli-
sion flux of fragments over the remaining service duration.
As can be seen from Fig. 7, the difference between the
maximum and minimum collision flux is quite large right
after the collision, but it gradually decreases. The maximum
and minimum collision flux after the remaining service du-
ration is almost the same as the mean collision flux. The
nodal regression rate of each fragment is different, so that
the orbital plane of each fragment deviates from the orbital
plane where the collision takes place, and the fragments
spread so as to cover the entire Earth. The collision flux
difference, which is initially large due to the difference in
the ascending node, gradually decreases.

Finally, Table 2 summarizes the number of impacts and
the number of fragments generated as expected values over
the remaining service duration. The hypothetical collision
can cause 538 impacts in addition to the number of impacts
estimated in the previous section. The resulting fragments
can account for a half-million or more. Table 2 indicates
another catastrophic collision may happen in the large con-
stellation. Furthermore, it can be seen that there could be a
few collisions that may lead to fatal damage and approxi-
mately 300 collisions that may make mission execution dif-
ficult.

Table 2. The number of impacts and the number of fragments as expected values in terms of the energy-to-mass ratio.

Energy-to-mass ratio [J/g]

No. of impacts [—]

No. of fragments [x 106]

>0 536.1 0.5214
>0.001 299.2 0.5175
>1 3.264 0.4690
>2 2.448 0.4633
>5 1.650 0.4531
>10 1.190 0.4422
>20 0.7851 0.4262
>40 0.5104 0.4081
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5. Conclusion

The authors of this paper conducted a risk assessment
when a large constellation consisting of 1980 satellites at
an altitude of 1200 km continues service for 30 years. First,
this assessment was conducted under nominal activities on
the basis of a prediction using ESA’s MASTER-2009. The
use of the fragment size distribution function and the defi-
nition of catastrophic collisions in the NASA standard
breakup model 2001 revision found that nearly one cata-
strophic collision may take place in the large constellation,
resulting in 2.5 million fragments as small as 1 mm in size.
Therefore, the authors continued a further risk assessment
after a hypothetical catastrophic collision that generates 2.5
million fragments. This further assessment was done using
the NASA standard breakup model and a spherical finite
element model in ESA’s MASTER-2009. It was found that
another catastrophic collision may take place in the large
constellation. In addition to these catastrophic collisions,
these assessments also found that several collisions may lead
to fatal damage and nearly 650 collisions may make mission
execution difficult. Therefore, prevention of such a cata-
strophic collision and resulting secondary collisions is essen-
tial to realizing and sustaining such a large constellation.
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