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Abstract

Collision Risk Analysis of a Satellite with
Fragments from Break-up of a Space Object

Jeonghoon Yun

Interdisciplinary Program in Space Systems
The Graduate School

Seoul National University

Recently, with the rise of a New Space era, the initiative in space
development is gradually shifting to the private sector. Accordingly,
satellites are manufactured smaller, and the operation of
constellations is gradually increasing. In contrast, as global interest
in the use of the space domain grows, some powers are developing
and testing ASAT weapons to compete for international supremacy.
As a result, artificial space objects are increasing rapidly, and the
possibility of collision between space objects 1s also increasing
significantly. If a space object is broken by a collision, it creates
numerous fragments that can pose a threat to other satellites.

In the present study, it is analyzed that the collision risk of
fragments generated after a break-up of a space object with
another satellite. And it was proposed that a three-step collision
risk analysis model which can analyze collision risk. First, the
NASA EVOLVE 4.0 breakup model was used to describe the
fragments caused by the fragmentation of the space object. Second,

the orbits of each generated fragment were propagated using a



numerical orbit model. Lastly, collision risk was analyzed by
applying the probability of collision analysis method proposed by
Patera.

To wvalidate that our model works properly, case studies were
conducted concerning the anti-satellite (ASAT) test for FY 1C in
2007 by China and ASAT test for COMSMOS 1408 in 2021 by
Russia. In addition, a hypothetical case study was conducted to
analyze the risk between ISS and fragments from the virtual
break-up of KMS 4. Finally, a case study was conducted in which
KMS 4 was intentionally broken before approaching the ISS, and
an analysis was performed on the point at which the maximum
collision probability appeared.

As a result of the study, the model of the present study
describes the fragments of the broken space object similarly, and
the risk analysis could be properly performed. Moreover, It was
possible to know the effective time for indirect satellite attacks
through fragments of a broken space object

Using the present study, satellite operators may be able to
prepare for the situation of the break-up of space objects in the
space domain. And it is also expected that the R.O.K. Armed Force
will not only improve its ability in space domain awareness but
also improve its operational capabilities in the space domain, which

may become a new battlefield.

Keyword : NASA EVOLVE 4.0 breakup model, Patera’s method,
Space fragments, Satellites, Miss-distance, Probability of Collision
Student Number : 2021-28391
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1. Introduction

1.1 Background
Since the launch of Sputnik 1 in 1957, mankind has launched

satellites into space for various purposes for 65 years. Recently,
demand for satellite data has been increasing in various fields such
as commercial and military. In response, numerous countries have
begun to develop the space industry through satellites, and the
number of satellites in space is rapidly increasing.

Recently, according to the trend of space development in the
New Space era, the direction of satellite development is changing
led by the

single-purpose and small satellites led by the private. Accordingly,

from multi-purpose and large satellites state to
the paradigm of satellite operation has also turned single satellite
operations into constellations. Constellation refers to a satellite
group in which numerous satellites are clustered to perform a
given mission.

Table 1. show the paradigm shift of space development. Notably,
the paradigm is being altered to launch satellites more frequently
Terefore, the

instead of shortening the Ilifespan of satellites.

number of satellites is expected to increase faster than now [1].

Table 1. Paradigm shift of satellite development

Old Space

New Space

Led by the government

led by the private

Multi-mission

A specific mission

Single Satellite

Constellation

long life span

short life span

Large satellite

Small Satellite

Low launch opportunity

High launch opportunity

High launch cost

low launch cost




As an example of this change, SpaceX's Starlink constellation
have been launched more than 3,000 satellites into orbit [2], with
12,000 satellites to be deployed in the future, consequently, more
satellites are expected to be launched in space than now. As can
be seen from Fig. 1 and Fig.2, the Space Environment Report,
published annually by the Space Debris Office in the European
Space Agency (ESA), show that commercial satellite and
constellations operating in low orbit have been increased
significantly in 2022 [3].

However, the increase in the number of satellites can cause
severe disasters such as mutual collisions between satellites. Due to
the hypervelocity, the collision between satellites may result in
fatal consequences such as space debris, which can interfere with
satellite operators' stable satellite operations. Space debris means
debris from space launch vehicles, ejected propellant, battery
explosion of payload, rocket body explosions from the hypergolic
propellant, abrupt mutual collision as well as Anti-satellite (ASAT)
test [4].

If Space debris is generated, it is impossible to control, is
difficult to track due to its small size and low mass, and maintains
a hypervelocity, which could be disastrous when colliding with a
satellite, so it would be a major threat to the satellite operations.
Moreover, If space debris collides with a satellite, the satellite will
be destroyed, resulting in another Space debris, which could lead a
cascading chain reaction such as Kessler Syndrome [5]. If this
situation occurs, mankind may not be able to use space, which can
have a significant negative impact on human life. Therefore,
internationally, all the countries are striving for the peaceful

utilization of space and stable operation of satellites.
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However, during the Cold War, the competition for the
development of space had been conducted by the U.S. and the
Soviet Union, and the Soviet Union had manufactured satellites to
self-destruct at the end of their lifespan to prevent a situation
where their satellites and information were passed over to the U.S.
also, the Soviet Union intentionally destructed their early warning
satellites if they failed to enter planned orbit [6]. Furthermore,
they conducted an ASAT test by intentionally colliding two
satellites on earth orbit [4].

The U.S. also intercepted the Sowind P78-1 satellites through
the ASAT test in 1985, and China conducted an ASAT test
intercepting the meteorological satellite FengyunlC(FY 1C) satellite
with a ballistic missile in 2007, resulting in 3,000 space debris [4].
In addition, the U.S. communication satellite Iridium 33 and the
Russian military satellite COSMOS 2251 unintentionally collided
with each other, generating more than 1,600 fragments in 2009
[7,8]. The remnants of these series of events still interfere with the

operation of satellites around the world even a few decades later.

1.2 Purpose of research

As mentioned earlier, the destruction of satellites due to ASAT
tests, collisions, or explosions can produce numerous fragments that
are difficult to predict. Therefore, various studies have been
conducted in two branches to manage those situations.

First of all, research was conducted to predict the situation of
satellite fragmentation. Especially, space agencies such as NASA
and ESA have studied the characteristics of space debris, such as
its eject velocity, mass, area, and fragment shape, and have
developed a satellite breakup model, such as IMPACT, FREMAT,



and EVOLVE [9-14].

Secondly, research was conducted to analyze the probability of
collision (POC) between space objects. Space agencies such as
NASA, European Space Agency (ESA), France's National Space
Research Center (CNES), Japan's Aerospace Research and
Development Organization (JAXA), and Korea's Aerospace Research
Institute (KARI) have been developing software that can evaluate
the POC between satellites and establishing strategy of satellites
evasion maneuver when POC reaches a certain rate [15]. And
many researchers such as Foster [16], Chan [17-20], Patera [21-25],
Alfano [26-28], Berend [29], Alfriend [30], Akella [31], Vedder [32]
and Serra [33] suggested various methods to effectively analyze the
POC.

The Republic of Korea Armed Forces is also entering space
development and deploying various satellites. Especially Republic of
Korea Armed Forces plans to launch hundreds of satellites into
orbit in the mnear future. Therefore, it is necessary that the
Republic of Korea Armed Forces should conduct researches that can
predict the breakup of space objects and analyze the collision risk
of impacting a satellite by generated fragments.

For this reason, to evaluate a satellite’s POC from fragments of
a broken space object, we combined the aforementioned research of
two fields. we adopted NASA EVOLVE 4.0 breakup model among
the satellite breakup models and the Patera method among POC
analysis methods. Afterward, through case studies, analyses were
conducted on the collision risk immediately after the satellite’s

breakup.



2. Method

2.1 Satellite Break-up Model

In the present study, we adopted the NASA EVOLVE 4.0 Breakup
Model developed by NASA. In the early 1970s, NASA's Orbital
Debris Program Office first developed a breakup model -called
EVOLVE to model space debris. EVOLVE was subsequently
developed to EVOLVE 4.0 in 2000 by complementing data such as
the destruction caused by the collision of Solwind P78-1 and the
Satellite Orbital Debris Characterization Impact Test (SOCIT), and
the explosion test on the top of ESA's Ariane rocket [13].

EVOLVE 4.0 is a model that organizes the distribution of
characteristic length (Lc), area (A), mass (M), area-to-mass ratio
(A/M), and ejection velocity of fragments. If input parameters such
as mass and collision velocity of colliding objects and Lc are input
to this model, fragments larger than input Lc are generated, and
the number of fragments 1s determined by using power-law
distribution. After that, the A/M distribution is mapped through the
distribution of the generated Lc. Then, the mass and area of each
fragment are obtained through the A/M distribution, and the
corresponding ejection velocity is obtained [13].

However, since EVOLVE 4.0 relies on empirical data, it has
limitations that do not fit physics such as mass conservation and
momentum conservation. To address this problem, Joubert proposed
a method to approximate the conservation of mass and momentum
to overcome the physical limitations of EVOLVE 4.0 [14].

According to Joubert, to approximate the conservation of mass,

as shown in Eq. (1), it was assumed that mass is conserved if the



sum of the masses of the fragments exceeds 60% of the mass of
the object before impact. Also for momentum conservation, as
shown in Eq. (2), it was suggested that momentum conservation is
approximately achieved when the sum of the momentums of all

fragments is less than 0.01 times the sum of the momentums of

each fragment [14].

Zmi = 0.6 X mtarget (1)
i=1

< D] |mu;]><0.01 2)

n=1

n
Z m;

i=1

In the present study, among the methods proposed by dJoubert,
the law of conservation of momentum was wutilized as it is.
However, for the law of conservation of mass, the existing law was

used as shown in Eq. (3).

n

Zm'i = mtwrget (3)

i=1

Fig. 3 depicts a flow chart of the Breakup model used in this
study. If the sum of the masses of the fragments is not equal to
the mass of the object before the collision, this model adds or
subtracts fragments to meet the mass conservation. And, to meet
the momentum conservation, the ejection velocity of fragments is

extracted again if Eq. (2). is not satisfied.
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Fig. 3 Flow chart of generating fragments data

2.2 Orbit Propagation

In the present study, the ejection velocity vector of each fragment
generated based on the break-up model was added to the original
velocity vector of the satellite before the break-up, and then the
position and velocity were propagated by numerical integration
using Kepler's two-body equation.

To acquire the Cartesian coordinates of the satellite to be used
for numerical orbit propagation, the Keplerian orbital elements
(KOE) devised by Kepler must first be obtained. KOE can be
obtained by using the Two Line Element (TLE) provided by the
Celestrak homepage [2] operated by North American Aerospace
Defense Command (NORAD). TLE is recorded as a series of
numbers in two lines, which include data such as satellite
identification number, generation time, KOE, drag parameter (B¥),

period, and revolution number.



However, TLE is made for analytical models such as SGP4, and
errors exist because it uses the average value between observation
points rather than the actual value at a specific point in time, and
thus uses a unique coordinate system called True Equatorial Mean
Equinox (TEME). However, we used the J2000 coordinate system,
and it has some errors compared with the TEME coordinate system
due to the difference in the direction of the vernal equinox and
whether precession and nutation are applied. For this reason, if the
state vector obtained from TLE is just used, errors will occur, so it
should be converted from the TEME to the J2000 coordinate
system [2,34].

As can be seen in Eq. (3), the obtained state vector is composed
of a radial vector representing the distance from the center of the
earth to the position of the satellite and a velocity vector
representing the speed and direction at that point.

— —

TEC] = [Tz Ty Tz]gcv] ’ UEC[ = [UI Uy Uz]g(;] (4)

And then, after entering the initial state vector into the
two-body equation as shown in Eq. (5), the radial and velocity
vector up to the required epoch are propagated. In the present
study, numerical integration is performed using Cowell’s method,
and RK4 Integrator based on the 4th order Runge-Kutta method
was applied [34].
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where p 1s a gravitational constant 1in which value 1is

3.986 < 10° (km?/s*), r is radial vector from center of the earth, r is
a acceleration vector as the secondary differential term of r, and r

is scalar of r.

In order to propagate a more precise orbit by using a numerical
method, special perturbation should be considered with the
two-body equation shown in Eq. (5). However, It is so hard to
propagate all of the fragments' orbits due to its large number, so
we considered only the two most affecting perturbation. The
satellites covered in this study are mainly satellites in low earth
orbit (LEO) within 2000 km. In that case, the perturbations that
have the greatest effect on the motion of the satellite are effect
and atmospheric drag. The effect refers to the perturbation caused
by precession due to the oblateness of the Earth, and the
atmospheric drag refers to the perturbation caused by the thin air
layer of inner space. So, only these two perturbations were
considered. So, the two perturbations added in the two-body
equation as can be seen in Eq. (6), and through this, it was
possible to not only propagate a more precise orbit of fragments

but also reduce the computational cost.

N

-
r= -

<=

+ Fp+ Fp,, (6)

<

where, F, is perturbation of J, effect and it expressed as Eq. (7)

below [35].
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(7)

r—2(r e rz)rz

3JR2 :.7 b d g —_——

r

where, J, is constant with a value of 1.08263 <103, R, is the

Earth’s radius, and r, is the satellites z-axis vector.

F,

Drag

in Eq. (6) expressed as in Eq. (8) below [34].

1 CDA 9 UTel
F = —— —
Drag 2 m PU;ey v, ., (8)

where, (), is the coefficient of drag, p is the atmospheric density
at the altitude of the satellite, A is the cross-sectional area of the

satellite and wv is the rotational angular velocity of the

rel
atmosphere due to the rotation of the earth and it can be

expressed by the following equation Eq. (9) [34].

where, w, is the angular velocity of the rotation of the earth, and

has a value of 7.292x<10"° (rad/s).

In Eq. (9), the Earth’s atmospheric density has a different value
depending on the altitude. So much research on the atmospheric
density model has been proposed so far, in this research, we use the

MSIS atmospheric density model developed by Hedin in 1986 [36].

b ! -1
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2.3. Probability of Collision

2.3.1 General Method

In general, to analyze the probability of collision, it is necessary to
know the position closest approach (PCA) where each fragment is
closest to the satellite, and the Time Closest Approach (TCA) when it
reaches PCA, and they can be acquired by numerical orbit
propagation. However, there are two errors in the prediction orbit
obtained by the propagation model. The first error is the initial error
caused by errors in TLE data, and the second is the model error
caused by the orbit propagation model [37]. Because of this, the
actual position of satellites and fragments differ from those
propagated. In order to consider these errors, a satellite-based orbit
coordinate system and a probability density function are usually used.

Usually, a satellite-based orbit coordinate system 1is obtained
based on the flight direction of the satellite (In-track) or the
direction from the center of the earth to the satellite (Radial). The
former is an UVW coordinate system and the latter is an RSW
coordinate system. In this study, we use the former coordinate
system. In any of the two coordinate systems, each axis has a
position error that is a sum of the initial error and the model
error. And then, an error ellipsoid having each axis position error
as radii is generated. At this error ellipsoid, the position error
value for each axis can be regarded as the standard deviation of
the probability density function, and through this, error covariance
can be obtained [26,34].

When the error ellipsoids of two objects meet or overlap each
other, it can be seen as a space where there is a high probability

that two objects can collide, and when the two objects come into

:l'l ! -1
- 12 - Al = L



contact, it can be seen that a collision occurs. Therefore, the POC
can be obtained by integrating the sum of the volume of each
object at the position where each object contacts in a
three-dimensional probability density function. And, when
calculating the sum of the volumes of two objects, we assume each
object is a sphere and create a combined sphere with the sum of
the radii of each object. After that, by integrating the volume of
the combined sphere in the 3-dimensional probability density

function, POC can be obtained by solving Eq. (10) [21,25,28,34].

POC= ——— /ff exp[— - ;52 5 ]dxdydz (10)
y z

87‘(‘000‘

In this study, when we calculated POC, the model error was not
considered assuming that the orbit propagation model is precise,
but only the initial error obtained by TLE was considered. As
shown in Table 2, the initial error was obtained using the mean
error of TLE by altitude proposed by ESA [38,39].

Table 2. Mean orbit error of TLE catalog analyzed by ESA [38,39]

) ) Averaged o Averaged o Averaged oy
Orbit regime

[km] [km] [km]
LEO 0.102 0.471 0.126
MEO 0.073 0.131 0.054
GTO 1.960 3.897 1.808
HEO 0.824 1.367 1.059
GEO 0.359 0.432 0.086

3 ™ -1 ':
_ 13 _ ":l‘\--i _';".-.l !. [ ]



2.3.2 Patera’s Method

The method described above is a general method for obtaining the
collision probability, but the calculation i1s complicated, such as
performing the integration three times. Moreover, since numerous
fragments of broken satellites have to be analyzed, calculations are
needed as simply as possible. For this reason, we use Patera’s
method which is computationally fast and suitable for multiple
POC analyses [21,22,40].

Patera simplified the general POC analysis from the 3-D
integration problem to the 1-D contour integration problem through
a series of processes. In Patera's method, the combined covariance
and combined sphere in TCA are projected into a two-dimensional
encounter plane. In this encounter plane, the relative position
between two objects is the crucial parameter. Set the center of the
projected combined covariance as the coordinate origin, and place
the center of the projected combined sphere at the end of the
relative position vector. In this process, the projected combined
sphere is called hard body, and the 2-D integration of the area of
the hard body in the encounter plane becomes the POC.

After that, Patera rotated the two-dimensional axes using a
rotational matrix so that the major and minor axes of the error
covariance ellipse heading for each axis, and adjusted the size of
one of the two axes to transform the probability density function of
each axis to be symmetric. As a result, the position vector and
shape of the hard body change. Finally, By converting a
two-dimensional cartesian coordinate system into a polar coordinate
system, Patera transformed the integration problem for the area of
the hard body into a path integration problem for the perimeter of
the hard body as shown in Eq. (11) and Eq. (12) [21].

- 14 - 2t}



POC=— L yﬁ exp (—ar®)dd (11)

27 lipse

where, o 1s a scale factor of the x-axis after the rotation of the
coordinate system, r is the distance from the origin of the polar
system to points around the hard body, and 6 is the rotational

angle of the x-axis.

POC=1— L?g exp (—ar? )df (12)

27 lipse

And if the distance between the centers of the two objects is less
than the sum of the radii of the two objects, Eq. (11) is replaced
by Eq. (12).

2.3.3 Numerical Integration of Patera’s Method

To perform numerical integration for Patera's POC method Eq. (11)
and Eq. (12), the state vector above the hard body perimeter must
be obtained first, and the vector of the hard body center and the
entire perimeter of the hard body are required. To do this, we first
define a unit circle with a radius value of one, and select the point
X = (1, 0) on that unit circle. And to define X close to X, X is
multiplied by the rotational matrix R of the angle e.

X = RX (13)

- 15 - A L



_ (e) —sin(e)
o Cs(i)r?(e) cosé?e) (14)

Then, to make the identical shape as the hard body, each vector
is multiplied by the matrix M reflecting the scale-factor.

X =MX, X,=MX (15)

S 0

e (16)

The relative distance vector of the two objects os then added to
each vector, where the X component of each vector is added to the

X component of the initial relative distance vector g¢,, and the Y
component of each vector is added to the Y component of the

scale-adjusted relative distance vector g,,.
X =X +[ },X':X’ +[ } 17

Thereafter, the angle between the two vectors can be obtained as
shown in Eq. (18) and Eq. (19) using the characteristics of the

cross product of the vector.

X <X, =|X,||X, |sin(dd) (18)

- 16 - x'i k :_‘.._ _.:E



X <X/’
df = sin” '— °

T (19)
[ Xe || X,

The integrand [ can be expressed as an equation for the

mn

intermediate value of the two vectors as shown in Eq. (20).

X, +X,
I = exp[—a(———=

g ) 20)

The POC is obtained by summering the product of I, and df,

for each interval of the perimeter divided by N intervals like Eq.
(21) and Eq (22).

POC = ——= Ni1db (21)

when origin is excluded from hard body,

N
POC = 1— % M1db, (22)

n=1

when origin is included in hard body,
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3. Verification of Model

In this study, verification of the model presented in chapter 2 was
carried out to conduct case studies. Verification was carried out for
each of the three steps of the collision probability analysis model
used in this study. For the verification of the Satellite Breakup
Model, the collision of COSMOS 2251 and iridium 33 that occurred
in 2009 was used. And to verify orbit propagation model, To verify
the orbit propagation model, it was checked whether the
perturbations were applied properly, and the change in the orbital

elements depending on whether J, effect and drag were applied

was verified. Finally, To verify Patera’s method, the result of
SOCRATES [2], which is a POC analysis tool used by Celestrak

was compared against the result of Patera’s method.

3.1 Satellite Breakup Model

To verify that the fragments were properly generated, we used the
A/M distribution diagram and Gabbard Diagram of each fragment.
The A/M is a major determinant of mass, area, and ejection
velocity in NASA’s EVOLVE 4.0 breakup model. The Gabbard
Diagram is a diagram showing the apogee and perigee of space
objects orbiting the Earth on the axes of the period (x-axis) and
the altitude (y-axis). This diagram shows the shape of each
generated fragment orbit, and it is possible to know the altitude
change of each fragment after break-up.

In the present study, we compared the A/M and Gabbard Diagram
of the fragments generated by the break-up model with the actual
data of each fragment cataloged after the collision of the Iridium
33 and the COSMOS 2251.
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In the comparison of A/M distribution, the number of fragments
generated in our model and that of cataloged was different, so the
relative number of fragments was compared. As can be seen in Fig.
4 and Fig. 5, the A/M distribution of fragments of Iridium 33 and
COSMOS 2251 appeared similar to that of the catalog.
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Fig. 4 A/M ratio distribution of Iridium 33
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Fig. 5 A/M ratio distribution of COSMOS 2251
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Fig. 6 and Fig. 7 show the Gabbard diagram showing catalog
fragment data of Iridium 33 and COSMOS 2251 and that of
generated by the breakup model.

It can be seen that they are gathered around the point of altitude
of 779 km which is the break-up point, and the point of a period
of 100.4 and 100.6 minutes, and the overall distribution is similar

to each other.
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3.2 Orbit Propagation

In the verification of the orbit propagation model, we verified
whether the perturbation term 1is applied properly. The KMS 4
satellite operated by North Korea was selected as the target of

orbital propagation, and the application of J, effect and drag was

verified.
Fig. 8 shows the changes in the argument of perigee (w) and the
Right Ascension of Ascending Node ({2) during the 24 hours

according to the addition of the perturbation term of ., effect. In

the above Fig. 8, w and (2 were constant that values are 395.78°

and 335.4° each. After adding ., perturbation, w vibrated between
280° and 80°, and {2 was increased about 1° from 335.4° to 336.4°.

Through these results, it was verified that the vibration of w

and the change of (2, which are the effects of .J,, were reflected

properly. Especially in the case of the change of (2, the
characteristic of KMS 4, which changes 1° per day while orbiting
the Sun Synchronous Orbit (SSO), was reflected very close.

Fig. 9 shows the changes in altitude (H) and semi-major axis (a)
for a week depending on whether or not atmospheric drag was
reflected. As a result of the verification, before adding atmospheric
drag perturbation, the altitude is constantly vibrated between a
minimum of 410 km and a maximum of 434 km, and the
semi-major axis was kept constant. However, after adding that, the
minimum altitude decreased from 419 km to 418 km, and the
maximum altitude also decreased from 434 km to 433 km,
indicating a decrease in altitude of about 1 km. Also, the
semi-major axis vibrated between 6788 km and 6808 km. It means

atmospheric drag perturbation was reflected properly.
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3.3 Patera’s method

In the verification of Patera’s method, we compared POC obtained
by Patera’s method and the POC obtained by another model. The
model we compared is SOCRATES, which is provided by Celestrak's
homepage [2]. This model presents the analysis results over the
next a week period and uses SGP4 analytical orbit model. And it
conducts analysis when the relative distance reaches within 5 km
and presents the result as maximum POC and miss distance which

are the closest distance between two satellites.

Table 3. Comparison of result between SOCRATES and Patera

PCA COSMOS 1408 DEB | LEMUR-2-NICHOL
. X 1119.8848 1119.8706
Radial
Y -876.3214 -876.3283
[km]
Z -6787.7794 -6787.8026
. X 1.434318 -1.633534
Velocity
Y -7.333349 7.258231
[km/s]
Z 1.188911 -1.271271
Miss-distance 0.028 km
TCA 2022. 12. 07. 10:11:48.377 UTC
SOCRATES 1. 103
POC 879 X 07
Patera 1.696 x 10 °

Table 3 shows the results of analyzing the POC between one of
the fragments of COSMOS 1408 and LEMUR-2-NICHOL analyzed
by SOCRATES on December 6, 2022, and the results of analysis
using Patera's method. It can be found that the results obtained by
Patera's method and the results of SOCRATES were similar. It is
regarded that the error generated here was caused by the
difference between the calculation method and the covariance

ellipsoid.
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4. Case Study

4.1 Actual Case

We conducted a case study based on actual cases to confirm that
our model works properly. The actual case analyzed in this study
were the FY 1C destroyed by China's ASAT test on January 11,
2007, and the COSMOS 1408 satellite destroyed by the Russian
ASAT system named ‘Nudol’ conducted on November 15, 2021.

The FY 1C satellite, which was destroyed on January 11, 2007,
was a Chinese meteorological satellite orbiting in SSO at an
altitude of about 850 km, creating more than 3,000 fragments after
the ASAT test, causing a major threat to nearby satellites.
Actually, in June 2007, five months after the ASAT test, the U.S.
TERRA satellite did an evacuation maneuver to avoid fragments
from FY 1C [4], and one of the fragments collided with Russia's
BLITS satellite in 2013 [41]. Therefore, to demonstrate the
situation at that time, the collision risk analysis was carried out for
the NOAA 18 of the U.S. orbiting at a similar altitude, the TERRA
of the U.S., and the Arirang-2 operating in Korea at the time.

Russia's COSMOS 1408 satellite, which was destroyed on
November 15, 2021, was In orbit at an altitude of 450km, and its
fragments generated by an ASAT test threatened the International
Space Station (ISS) orbiting at an altitude of 420 km, and ISS
crew evacuated from this threatening [41, 43]. In this study, the
ISS was selected as an analysis object to demonstrate the situation
at the time, and Arirang-3A and Arirang-5, which were operated in
Korea at the time, were also selected as analysis objects to analyze

the collision risk.
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4.2 Hypothetical Case

The hypothetical case dealt with in this study assumed that KMS
4, operated by North Korea, was destroyed due to an ASAT test,
explosions, or unintended collisions.

Prior to this assumption, North Korea conducted several
intercontinental ballistic missile (ICBM) tests in 2022, and some
opinions have appeared that such tests might be carried out to test
their ability of the direct ascent anti-satellite missile targeting on
KMS 4 [42]. Although it is not clear whether North Korea has the
capability to possess ASAT, given that they have already launched
KMS 4 into orbit in February 2016, and the maximum altitude of
the ICBM launched on March 24, 2022, reached 6,200 km [42], it
can be estimated that they have the technologies close to
intercepting satellites operating below 2,000 km.

The ISS was selected as a target object for risk analysis of the
fragmented KMS 4 because it is the largest and human-inhabited
satellite among many satellites flying at similar altitudes. The ISS
orbits the Earth with an inclination angle of 51.6° at an altitude of
about 400 km, similar to that of KMS 4, and the encounter angle
is about 135.4 degrees, which can cause disastrous damage to
satellites in the event of a collision.

The last hypothetical case assumed that North Korea
intentionally intercepts KMS 4 to damage the ISS indirectly. In
order for North Korea to indirectly attack a satellite of other
countries, they would first find the point at which the distance
between KMS 4 and the target satellite is closest. And then they
will break up the satellite right before that point arrives,
maximizing the POC by generating the debris clouds.
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4.3 Parameter of Case Study

From now on, we will refer to the two real cases mentioned above
as case 1 and case 2, respectively, and to the two hypothetical
cases as case 3 and case 4. The TLE for each case can be found
on NORAD's Celestrak website [2].

For case 1 and case 2, the TLEs before FY 1C and COSMOS
1408 were destroyed, and the TLEs of satellites subject to risk
analysis at the point closest to that time were obtained, and they
are arranged in table 4 and table 5.

With the state vector calculated by KOE obtained by TLE, the
position and velocity vector of the target satellite were propagated
until the point of satellite breakup, and it is accomplished that
equalizing the time of the object. In the first case of FY 1C, the
time was equalized based on 21:44:56 UTC on January 11, 2007,
when the ASAT test occurred, and in the case of COMSMOS 1408,
the time was equalized based on 02:50:00 UTC on November 15,
2021. KOE and state vector obtained by propagating each time are
shown in table 4, table 5, table 7, and table 8.

For case 3 and case 4, the time of ISS, which is the subject of
risk analysis, was taken as the criteria, and the TLE of ISS was
obtained at 08:09:28 UTC on September 17, 2022, and the TLE of
KMS 4 was obtained near that time. After that, the time of KMS
4 was eqaulized based on the time of ISS. KOE and state vector of
case 3 and case 4 obtained by propagation are shown in table 6
and table 9.

In table 7-9, ¢ means semi-major axis, € means eccentricity, ¢
means inclination, v means true anomaly, w means argument of

perigee and {2 means right ascension of ascending node.
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Table 4. TLE data of case 1

FENGYUN 1C
1 257300 99025A  07011.90621003 .00000180 00000+0 12153-3 0 9322
2 25730 98.6464 1.7411 0013513 266.0357 94.0215 14.11820274395460

TERRA
1 25994U 99068A  07011.76271310 .00000114 00000+0 35362-4 0 1278
2 25994 98.2236 88.3107 0000732 95.9992 264.1287 14.57098930375925

ARIRANG-2 (KOMPSAT-2)
1 29268U 06031A  07011.75892358 .00000099 00000+0 29327-4 0 5533
2 29268 98.1260 273.1502 0018913 51.3858 308.9036 14.61531667 2445

NOAA 18
1 28654U 05018A 07011.61594517 .00000288 00000+0 18419-3 0 7953
2 28654 98.8143 315.6637 0014444 354.5392 5.5612 14.11027555 84775

Table 5. TLE data of case 2

COSMOS 1408
1 13552U 82092A  21319.03826954 .00002024 00000+0 69413-4 0 9994
2 13552 82.5637 123.6906 0018570 108.1104 252.2161 15.29390138143134

ISS (ZARYA)
1 25544U 98067A  21319.09416832 .00000887 00000+0 24604-4 0 9991
2 25544 51.6443 316.5365 0004639 198.4186 273.5656 15.48575887311987

KOMPSAT-3A
1 40536U 15014A  21318.73975917 .00000685 00000+0 43277-4 0 9997
2 40536 97.5490 258.6127 0003141 129.9370 320.1162 15.12334468366596

ARIRANG-5 (KOMPSAT-5)
1 392270 13042A  21319.10924941 -.00000507 00000+0 -31907-4 0 9996
2 39227 97.6272 142.5046 0002081 77.6399 58.9078 15.04500403452057

Table 6 TLE data of case 3 & 4

ISS (ZARYA)
1 25544U 98067A  22260.33990839 .00027540 00000+0 48646-3 0 9994
2 25544 51.6440 240.0404 0002584 264.4442 241.0983 15.50138426359471

KMS 4
1 41332U 16009A  22259.66809443 .00021163 00000+0 43758-3 0 9991
2 41332 97.2364 334.6862 0015724 358.1629 1.9560 15.45697486369915
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Table 7. Keplerian Orbital Element of case 1

KOE FY 1C TERRA KOMPSAT-2 | NOAA 18
a [km] 7231.284 7075.168 7053.792 7227.901
e 0.00135129 | 0.00089402 | 0.00086714 | 0.00055566
i [deg] 98.6464 98.2268 98.1332 98.8180
v [deg] 94.1759 232.76'76 313.9906 34.4583
w [deg] 266.0357 160.5951 101.7939 1.2308
2 [deg] 1.7411 88.4482 273.2908 315.9448

Table 8. Keplerian Orbital Element of Case 2

KOE COSMOS 1408 ISS KOMPSAT-3A | KOMPSAT-5
a [km] 6837.387 6799.459 6918.278 6939.930
e 0.00152080 | 0.00058772 | 0.00204378 | 0.00116254
1 [deg] 82.5536 51.6457 97.5429 97.6223
v [deg] 262.3080 108.2539 143.2646 13.2417
w [deg] 177.4846 136.9706 76.7655 171.0424
2 [deg] 123.6121 316.4553 258.8923 142.5073

Table 9. Keplerian Orbital Element of Case 3 & 4

KOE ISS KMS 4
a [km] 6794.456 6800.009

e 0.0002584 0.0016898
i [deg] 51.6440 97.2403
v [deg] 241.0723 141.4439
w [deg] 264.4442 359.7876
2 [deg] 240.0404 335.3657
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Table 10. Cartesian state vector of Case 1

Cartesian FY 1C TERRA Arirang-2 NOAA 18
Radial X 7228.7160 716.9655 -595.8230 3767.7219
adia
. Y 215.7153 5895.1604 -4004.8036 -4544.4878
(] Z 26.4109 3852.9434 5770.8387 4164.9228
Velocit X 0.01650029 | 0.78396196 | -0.95404347 | -3.75693837
elocl
Tm/ Y Y | -1.11605674 | -4.15273795 | 6.17801601 | 2.34759909
em/s] T 33028524 | 6.19816039 | 4.18314218 | 5.96424077
Epoch 2007. 01. 11. 21:44:56 UTC
Table 11. Cartesian state vector of Case 2
Cartesian COSMOS ISS Arirang-3A | Arirang-5
1408
Radial X -1397.2866 -4705.3745 1596.3376 5442.9473
adla
L Y 526.4144 -813.8999 5093.9181 -4261.9893
[km] Z 6673.7665 -4842.1755 -4418.4895 -513.2696
Velocit X 4.01524111 | 3.66366538 | -0.18945184 | -1.05896142
elocl
e y Y | -6.35470397 | -6.23173180 | -4.92276348 | -0.45253302
[len/s] Z 1.33012676 | -2.51869732 | -5.75827604 | -7.49931347
Epoch 2021. 11. 15. 02:50:00 UTC
Table 12. Cartesian state vector of Case 3 & 4
Cartesian ISS KMS 4
X 4865.6330 -5049.6522
Radial
Y 3660.5945 1724.4182
[km]
Z 3016.9242 4229.6214
X -1.22981771 -4.04485098
Velocity
Y 5.71189474 2.68067385
[km/s]
Z -4.95102271 -5.90898945
Epoch 2022. 09. 17. 08:09:28 UTC
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Since each case is either ASAT tests or hypothetical ASAT tests,
missile data and colliding conditions are required to use the
breakup model. In the case of the FY 1C ASAT test, the missile
data are known through literature [4], but in the case of the
Russian Nudol system that intercepted COSMOS 1408, the known
missile data was used because it was difficult to know the
information. In addition, in the case of hypothetical interception of
KMS 4, other known missile data was used because it was
expected to intercept similarly to ASAT tests of other countries.
Table 13 shows the missile (Projectile) and target satellite (Target)
data used in the case study.

Table 14 shows the parameter of the satellites obtained through
various literature like websites, books, and paper, and the
atmospheric drag coefficient () of all satellites and debris was

assumed to be 2.0..

Table 13. Colliding condition of case study

Projectile mass Target mass Collision Velocity
Case 1 18kg 950kg 8 km/s
Case 2 20kg 1750kg 8 km/s
Case 3 16kg 200kg 7 km/s




Table 14. Parameter of target satellite

mass [kg] A [m?] (S;z,el’[r}rii L, [m]

FY1C 950 3.3 1.5, 1.5, 1.5 2.6
TERRA 5190 23.8 3.5 3.5 6. 11.8
KOMPSAT-2 765 5.2 2,2, 26 3.8
NOAA18 1479 8 1.9 1.9 4.2 5.0
COSMOS 1408 1750 4.16 1.0 1.3 3.2 3.6
ISS 419,725 931.57 73, 109, - 109
KOMPSATS3A 1,100 7.6 2, 2, 3.8 4.7
KOMPSAT-5 1,400 9.6 2.6, 2.6, 3.7 5.2
KMS 4 200 3.3 1.5 1.5 15 2.6

* Solar panel of each satellite is excluded
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5. Result

In this chapter, the results of POC analysis for all cases mentioned
in the previous chapter are presented. From case 1 to case 3, the
closest distance between two objects (Miss-distance) and POC was
analyzed by dividing the target satellite into whether it was broken
or not over a period of 7 days, and they were compared with each
other.

In case 4, as mentioned in the previous chapter, case of KMS 4
was not broken in case 3, the point when the minimum
miss-distance is occur is used as the criteria time. And then we
conducted the break-up of KMS 4 just before the criteria time

comes.

5.1 FY 1C ASAT Test (Case 1)

In Case 1, the case of ASAT test in which FY 1C was broken was
described. Table 15 shows the miss-distance and POC before and
after breakup of FY 1C, and POC at the closest miss-distance is
classified as (a) and miss-distance at the maximum POC appeasr
during the entire period as (b). Fig. 10 - 12 show the changes in
miss-distance and POC in case 1 without breakup and after
breakup as graphs for time.

If FY 1C had not been broken, FY 1C satellite would not have
been approached within 100km to the TERRA satellite, Arirang-2,
and NOAA 18, and the POC would have been very low. In the
contrast, after the FY 1C break-up, the number of cases in which
fragments generated from FY 1C approached the within 100 km to
those target satellites was increased. And, minimum miss-distance

reach within 20.091 km, 30.925 km, and 7.032 km, respectively.



The maximum POC was 1.786x10 °(%), 1.268x10 %(%), and

4.245x10°°(%), respectively, which increased significantly compared

to those of before break-up.

Table 15. POC analysis result of case 1

. Time Miss-dist POC
Target Satellite [min] [km] %]
(a) 6190 170.0102 4.441e-19
Before
(b) same as above
TERRA
(a) 8017 20.091 1.127e-5
After
(b) 2487 164.463 1.786e-5
(a) 2321 174.721 4.442e-19
Before
(b) same as above
Arirang-2
(a) 1090 30.925 6.954e-7
After
(b) 3256 58.286 1.268e-6
(a) 10063 2660.616 0
Before
(b) same as above
NOAA 18
(a) 2870 7.032 3.769e-6
After
(b) 3023 33.148 4.245e-6

(a): Result based on minimum miss-distance
(b): Result based on Maximum POC

According to the result, FY 1C fragments may not pose a
significant threat to the target satellite. However, as can be seen
in the results, the miss-distance was further closed, and the POC
was also increased, indicating that the FY 1C breakup was of

interest to satellite operators.

- 34 - A _



100

N B OO
o O o o o

Miss Ditance [km]
N N » o] 8
o o o o o

o

o

Change of Miss Distance
<upper> Original , <under> Post-breakup

0 24 48 72 96 120 144 168
I
0 24 48 72 96 120 144 168
Time [hr]
Change of POC [%]
<upper> Original , <under> Post-breakup
><‘1O'5 .
i L | | | | | L |
0 24 48 72 96 120 144 168
><‘10'5 .
\1‘ ‘ ‘I ‘ i‘un‘ |}’|
0 24 48 72 96 120 144 168
Time [hr]

Fig. 10 Change of miss-distance and POC of case 1

< target: TERRA >

,35,

LR

e

T
i



100

N B OO
o O o o o

Miss Ditance [km]
N N » o] 8
o o o o o

o

Change of Miss Distance
<upper> Original , <under> Post-breakup

0 24 48 72 96 120 144 168
* Y
0 24 48 72 96 120 144 168
Time [hr]
Change of POC [%]
<upper> Original , <under> Post-breakup
><‘10'6 .
0 24 48 72 96 120 144 168
><‘1O_6 .
F L M | i 11 ‘\ \‘\ | ‘ H\ \‘\ u‘ L n‘ ‘ i H‘ ‘ \d‘ |‘ ‘ | ‘ ‘ in
0 24 48 72 96 120 144 168
Time [hr]

Fig. 11 Change of miss-distance and POC of Case 1

< target: Arirang-2 >

,36,



Miss Ditance [km]

Change of Miss Distance
<upper> Original , <under> Post-breakup
100 \

N B O
o o o o
T T T T
I I I I

0 24 48 72 96 120 144 168

0 24 48 72 9% 120 144 168
Time [hr]

o

-
A O 0 O
o o O o

N
o
T

o

Change of POC [%]

<upper> Original , <under> Post-breakup

N W A O
T AR
I

N
mam
1

o

24 48 72 96 120 144 168

120 144 168

Max POC [%]

N W R O
T e
I

N

48
Time [hr]

Fig. 12 Change of miss-distance and POC of case 1
< target: NOAA 18 >

=

- 37 - oo kT



5.2 COSMOS 1408 ASAT Test (Case 2)

In case 2, the case of the ASAT test was described for the
COSMOS 1408 at 02:50 UTC on November 15, 2021. Table 16
shows the miss-distance and POC before and after break-up of
COSMOS 1408, and POC at the closest miss-distance is classified
as (a), and the miss-distance at the maximum POC appears during
the entire period as (b). Fig. 13 - 15 show the changes in
miss-distance and POC in case 2 without breakup and after
breakup as graphs for time.

From these results, it can be seen that if COSMOS 1408 had
not broken, the case in which the miss-distance i1s within 100 km
would have not occurred for 7 days. except for only two times of
ISS comes within 100 km. And we can see that POC for the target
satellites i1s very low.

However, after COSMOS 1408 breakup, the number of cases in
which fragments generated from COSMOS 1408 approached within
100 km to those target satellites increased. Notably, in the case of
ISS in case 2, miss-distances approached to within 100 km

appeared for the almost whole period, and minimum miss-distance
appeared up to 3.851 km. And POC rose to 1.901x10 *(%) for ISS,
9.628 10 %(%) for Arirang-3A, and 6.994x10 %(%) for Arirang-5.
Especially, the POC of ISS was higher than 1.0x10 (%) for

almost the period, which means it could pose a significant threat to
the ISS.

From these result, Not only did it prove well that ASAT test for
COSMOS 1408 posed a threat to the ISS, but it could also be

inferred that it became of interest to Korean satellite operators.
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Table 16. POC analysis result of case 2

. Time Miss-dist POC
Target Satellite [min] [km] %]

(a) 9102 60.08 4.4034e-5
Before

(b) 9101.67 294.5417 7.3168e-6

ISS

(a) 5657.5 3.8514 1.4851e-3
After

(b) 5750.5 52.3571 1.9016e-3

(a) 2306 242.77 8.3452¢-38
Before

(b) same as above

Arirang-3A

(a) 4168.33 22.9905 5.5177e-6
After

(b) 4120.83 99.2495 9.6289%-6

(a) 1500 299.8234 3.7976e-8
Before

(b) same as above

Arirang-5

(a) 5285.17 43.2372 2.317e-6
After

(b) 2026.83 204.7844 6.9948e-6

(a): Result based on minimum miss-distance
(b): Result based on Maximum POC
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5.3 KMS 4 Break-up by Hypothetical ASAT Test (Case 3)

In case 3, it was assumed that North Korea conducted the ASAT
test on their satellite, KMS 4. As a target satellite, ISS orbiting at
a similar altitude was selected. The analysis period was selected
arbitrarily for 7 days from 08:09:28 UTC on September 17, 2002.

Table 17 shows the results of the analysis of miss-distance and
POC for 7 days from the reference time. As in the previous
section, it was classified into the case of (a) and (b).

As a result, cases of approaching KMS 4 and ISS within 100 km
appeared between about after 48 hours and after 53 hours,
approaching miss-distance as 33.024 km after 3048 minutes and 40
seconds, and the POC at this time was 5.328x10 *(%). The
maximum POC appeared after 3095 minutes and 20 seconds and it
was 7.514x 107 * (%).

On the other hand, in the analysis between the fragments generated
after the breakup of KMS 4 and the ISS, they are approached within 100

km for almost of the period, and they approached up to 3.853 km after
3048.67 minutes from the breakup. At this time, POC was analyzed as

1.604 10" *(%), and the maximum POC over the all period was anlyzed
as 1.627 X 10_3(%). The POC shown in this result can have a significant

adverse effect on satellite operators. This means that if KMS 4 breaks up,

it could be a severe threat to the ISS.

Table 17. POC analysis result of case 3

. Time Miss-dist POC
Target Satellite [min] [km] (%]
(a) 3048.67 33.024 5.328e-4
Before
1SS (b) 3095.33 110.760 7.514e-4
(a) 3048.67 3.853 1.604e-3
After
(b) 2863.00 11.678 1.627e-3
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54 KMS 4 break-up right before reaching the
highest probability

In the analysis of Case 4, it was assumed that North Korea
intentionally attacked the ISS. In order to cause damage to the
ISS definitely, the time when the distance between KMS 4 and ISS
becomes closest could be determined as the optimal time. Therefore,
in order to increase the POC as much as possible, it is necessary
to increase the POC by generating debris clouds by breaking up
KMS 4 earlier than that time.

Under this assumption, the minimum miss-distance after 3048.67
minutes was adopted as the criteria time, when KMS 4 was not
broken in Case 3. And we conduct some simulations that KMS 4
was broken every 1 minute from the criteria time to 10 minutes
before, and every 10 minutes from the criteria time to 100 minutes
before.

The miss-distance and POC at the reference point after the
break-up were analyzed, and the minimum miss-distance within 4
hours after the break-up and the POC at that time are shown in
Table 18. In addition, Fig. 17 - 20 show the changes in
miss-distance and POC within 4 hours from criteria time as graphs
for time.

As a result of the analysis, it was found that when KMS 4 was
broken from 3 to 5 minutes before reaching the minimum
miss-distance, the closest miss-distance appeared, and the POC also
increased significantly. And, when KMS 4 broke up 20-100 minutes
before the criteria time, almost all of the minimum miss-distances
appeared, and most of the POC was reached over 1.6x10 °(%).
Analysis within 4 hours shows that the minimum miss-distance

mainly appeared after 92.67 minutes, which is the period of KMS 4



orbiting once, and the POC was also reached over 1.4x10 *(%).
From these results, it was found that in order to attack other
satellites by debris clouds, the effective attack was possible when
the break-up of a satellite occurred at least from 3 to 5 minute
before reaching the minimums distance. Furthermore, in case of the
break-up of satellite right before the minimum miss-distance
between the two satellites appears, the optimal range of break-up
can be inferred between 5 minutes to 1 period before, based on the

result that the POC after 1 period is appeared generally high.

Table 18. POC analysis result of case 4

Break-up At criteria time Within 4 Hours
T"gstlo;i’re Miss-dist | POC Time | Miss-dist | POC
[km] [%] [min] [km] [%]

0 33.024 | 5.328e-4 92.67 5193 | 1.542¢-3
1 min 26.754 | 6.739¢-4 92.67 6.235 | 1.525¢-3
2 min 28.462 | 6.528¢-4 92.67 6.391| 1.562¢-3
3 min 12.171 | 1.370e-3 185.50 8.664 | 1.536-3
4 min 21.615 | 1.108¢-3 92.67 4077| 1.549¢-3
5 min 11.850 | 1.552¢-3 92.67 4975 | 1.554e-3
6 min 17.310 | 1.606e-3 185.50 4416 | 1.547¢-3
7 min 12.518 | 1.385¢-3 92.67 1501 | 1.582¢-3
8 min 20.547 | 1.230e-3 92.67 7.362 | 1.508¢-3
9 min 16.783 | 1.576e-3 185.50 8.959 | 1.555¢-3
10 min 13.588 | 1.571e-3 92.67 3.919 | 1.575e-3
20 min 3.673 | 1.601e-3 92.67 11.221 | 1.406e-3
30 min 2.165 | 1.604e-3 92.67 8.029 | 1.549¢-3
40 min 4116 | 1.564¢-3 92.67 19.538 | 1.406e-3
50 min 2.701| 1.575¢-3 92.67 9.944 | 1.489-3
60 min 1.829 | 1.619¢-3 92.67 9.663 | 1.523¢-3
70 min 0.689 | 1.618¢-3 92.67 6.114 | 1.580e-3
80 min 1.994 | 1.628¢-3 185.50 4150 | 1.569-3
90 min 4045 | 1.619¢-3 92.67 6.425 | 1.546-3
100 min 2.532 | 1.604e-3 92.67 3.821 | 1.544e-3
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6. Discussion

The case study of the break-up of Cosmos 1408 in case 2 showed
similar results to the actual case that posed a significant threat to
the ISS. In this case study, it was confirmed that not only the
miss-distance became quite close during the 7-day analysis period,
but also the POC increased to a level to be careful, posing a great
threat to the ISS crew at that time. Through our study, it can be
seen that this study can show results that can sufficiently analyze
the risk even if it is not completely the same as the actual event.

Another notable result in the case study was that the POC does
not always increase to the maximum, even two satellites are
orbiting at similar altitudes. In the case study between FY 1C
fragments and TERRA and NOAA 18, the miss-distance was closer
to the TERRA satellite, which was about 150 km apart than the
NOAA 18 satellite at a similar altitude, and the POC was higher
in the case of the TERRA.

This means that even if the satellites break up, they may not
immediately pose a threat to satellites on similar altitudes. In fact,
at that time, FY 1C and NOAA 18 were orbiting in SSO, in which
the inclination is 98 degrees, but there were differences in orbital
planes, and these two satellites did not encounter each other
closely due to differences in their positions in orbit. Therefore, even
if the two satellites are at similar altitudes, they may not be
threatening each other if they do not encounter each other closely,
and it can be seen that the analysis should be performed except in
this case.

The case study in case 3 shows that if North Korea conducts an

ASAT test, it could pose a great threat to the operation of
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satellites in other countries. Especially, case 4 showed that if North
Korea intentionally tries to attack another satellite, the most
threatening attack could be made if the test was conducted about 5
minutes to 1 period before at the time of minimum miss-distance
between KMS 4 and Target. So, our study can help satellite
operators determine whether evacuation maneuvers of satellites

should be performed in situations where the ASAT test may occur.

7. Conclusion

Through the present study, the risk of fragments generated after
the break-up of a space object on other satellites was analyzed. So
that, NASA's Evolve 4.0 Breakup model among the existing
satellite breakup models and Patera's method among the analyzing
POC method were combined. After that, case studies were
conducted through actual break-up cases and hypothetical break-up
cases. Through these case studies, it was possible to reproduce the
environment caused by fragments generated from the break-up of a
space object, and it was possible to analyze the risk of collision
with a satellite.

From the present study, it was found that the risk of collision
could be maximized if a space object breaks up right before the
minimum miss-distance of the two space objects is reached. And
notably, it was found that the threat of fragments generated from
the break-up of a space object to other satellites could vary
depending on the conditions of the KOE of the satellite.

Therefore, satellite operators need to continuously track satellites

that may pose a threat to satellite operation, and this method will

:l'l ! -1
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be able to identify risks in a short period in the event of a
satellite break-up situation. This will greatly help the operation of
the satellite.

Furthermore, if the R.O.K. Armed Forces utilize this study, it
can be used as a basic study that can have a positive impact on
space security as well as improve its ability to respond to threats
in the space domain. In addition, by developing this study, it will
be possible to use it as an indirect satellite interception system
that can indirectly intercept satellites hostile to space security. This
will be an important factor in taking the initiative in possible
future space wars.

In order to prepare for these, we plan to make up for some of
the deficiencies in our study. First, we will study how to predict
the fragment's orbit more accurately. Second, we will accumulate
big data through various case studies. Lastly, we will study the
degree of damage to the satellite when fragments collide with the
satellites. If these are supplemented, it is expected to contribute

greatly to space security.
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