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Abstract: The increasing amount of space debris poses a major threat to the security of space assets.
The timely acquisition of space debris orbital data through observations is essential. We established
a mathematical model of optical satellite constellations for space debris observation, designed a
high-quality constellation configuration, and designed a space debris tracking observation scheduling
algorithm. These tools can realize the efficient networking of space debris from a large number of
optical satellite observation facilities. We designed a constellation consisting of more than 20 low-
Earth orbit (LEO) satellites, mainly dedicated to the observation of LEO space objects. According to
the observation scheduling method, the satellite constellation can track and observe more than 93%
of the targets every day, increase the frequency of orbital data updates, and provide support for the
realization of orbital space debris cataloguing. Designing optical satellite constellations to observe
space debris can help realize the advance perception of dangerous collisions, timely detect dangerous
space events, make key observations about high-risk targets, greatly reduce the false alarm rate of
collisions, and provide observational data support for space collisions.
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1. Introduction

Space debris refers to the non-functional man-made objects in orbit. Human space
activities have a history of more than 60 years, and it is estimated that there are over
30,000 pieces of debris larger than 10 cm, approx. one million pieces of debris larger
than 1 cm, and hundreds of millions of millimeter-level space debris. Space debris and
spacecraft move around the Earth at a high speed of more than 7.9 km/s, and the relative
speed of space debris can reach more than 10 km/s when a collision occurs. The impact
of a 1 cm-sized aluminum ball in space will produce a destructive force equivalent to the
impact of a car on the highway. The consequences of the impacts of space debris above
1 cm are often devastating, and large-sized space debris above 10 cm will directly lead to
spacecraft failure [1-3]. Space collisions have become more frequent in recent years. In
2019, there were more than 300 dangerous impacts between Chinese spacecraft in orbit and
space debris. In 2013, the Ecuadorian CubeSats collided with Soviet rocket debris, causing
the satellite to fail. On 12 June 2011, the solar cells of the IGSO-2 satellite of China’s Beidou
navigation constellation lost two circuits, and the conclusion confirmed that the satellite
was hit by small debris. On 11 February 2009, the US commercial communications satellite
Iridium-33 collided with Russia’s abandoned Cosmos-2251 satellite, with a relative speed
of 11.6 km per second, generating more than 2000 pieces of space debris, which caused
strong repercussions from the international community [4].

With the development of human space activities, the number of space objects is
increasing. At the same time, the development of large satellite constellations and the com-
petition for space interests of various countries have made the space situation increasingly
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complex [5]. This poses a major threat to the security of space activities and space assets. It
is necessary to obtain the orbit information of space objects in real time to meet the demand
for accurately detecting space events [6]. Monitoring space objects using monitoring equip-
ment and optimizing the scheduling of the monitoring system is an effective way to obtain
the space object’s status information [7]. By adopting efficient observation scheduling
methods, the number of space objects and arcs observed by observation equipment in a
certain period can be increased, and the observation efficiency can be improved [8].

Compared to traditional ground-based optical telescopes, space-based optical satellites
have unique advantages because they run in orbit and their detection of space objects are
not affected by the weather. In addition, the detector is closer to the space object, and an
optical telescope with a smaller aperture can be used to observe the low-orbit space target
at a shorter distance. Most space-based satellite constellations are deployed in low Earth
orbit where space debris is mainly distributed. Therefore, satellite constellations can fully
observe the low Earth orbit airspace where space objects are densely distributed, improve
the detection quantity and frequency of space objects, make full use of space detection
equipment, obtain a large amount of observation data in real time, realize the dynamic
catalogue of space debris, provide early warning of dangerous collisions, and maintain the
order of space traffic and the safety of space assets [9].

Reasonable monitoring task scheduling is the key for the effective operation of a space-
based monitoring network. Especially due to the development of various space-based
monitoring equipment and the improvement of the automation of observation equipment,
new requirements have been put forward to optimize observation task scheduling. Space
object observation scheduling optimization is bound to be closely related to the specific
situation of equipment operation and the movement of the space object itself. Special
research needs to be conducted on the specific application observation mode and the
equipment operation state. This is a very complex combinatorial optimization problem
that exhibits multi-time window constraints, multi-resource constraints, and high conflict,
and it has become one of the leading issues in the field of space monitoring [10-12].

The current observation scheduling algorithm is not suitable for rapidly moving ob-
servation equipment and observation targets, and there is little research on the observation
task scheduling of space-based satellite constellations. The research on the observation task
scheduling algorithm of space-based optical satellite detecting for space objects is the key
for improving the efficiency of space object detection, and it is also one of the important
problems that needs to be solved in the field of space object observation [13-15].

We designed satellite constellations with different configurations and created a constel-
lation observation task scheduling algorithm. The main purpose was to track and observe
LEO space objects, obtain a large amount of observation data, and update the object orbit
information in real time. The goal was to catalog a large number of LEO space objects
using a constellation composed of a small number of satellites. The space objects orbit data
were used for the simulation and verification, and good results were obtained. With the
observation of satellite constellation, we can realize space situation awareness, provide
emergency response to space emergencies, reduce collision risks, and maintain the safety
of space assets.

2. Constellation Design
2.1. Model Establishment

The constellation spatial coverage model was established by comprehensively con-
sidering the point coverage numerical simulation model, the optical sensor coverage
calculation, ground shadow model, the visual function, and the constellation comprehen-
sive coverage performance evaluation index [16]. The point coverage numerical simulation
technology was used to divide the target airspace into multiple blocks according to specific
criteria. According to the constellation coverage of all the blocks, the space and time cover-
age performance of the constellation to the target airspace was analyzed. In order to avoid
the infrared radiation interference of the Earth and its atmosphere, the optical sensors on
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the satellite could only face the cold background of the universe to detect space objects
above the edge of the Earth. The influence of the Earth’s shadow on the observation of space
debris also needs to be considered. The coverage of the constellation to the target airspace
was measured in time and space to evaluate the comprehensive coverage performance of
the constellation.

(1) Point coverage numerical simulation model

The numerical simulation technique of the point coverage is also known as the spatial
meshing method [17], as shown in Figure 1. The target airspace is divided into grid points
according to specific criteria, and the coverage of the target airspace in time and space is
analyzed according to the coverage of all the airspace grid points by the constellation.

Figure 1. Schematic diagram of the point coverage grid method.

The problem surrounding constellation coverage in general Earth observation is that
it mainly considers the two-dimensional coverage of the earth’s surface. Due to the need to
monitor space debris, two-dimensional grid point sampling needs to be extended to three-
dimensional, and low-orbit space-based optical satellite constellations need to consider
three-dimensional coverage within a certain altitude range above the Earth’s surface where
the sampled airspace is roughly a spherical shell. To establish a three-dimensional grid
point sampling criterion, the height variables and the sample latitude, longitude, and
altitude at the intervals need to be added.

(2) Optical sensor coverage calculation

In order to avoid infrared radiation interference from the Earth and its atmosphere,
the optical sensor of the satellite can only be oriented towards the cosmic cold background
of space to detect objects above the edge of the Earth [18], as shown in Figure 2.

S

Figure 2. Coverage area of the space-based optical sensor.

In Figure 2, O is the center of the earth and S is the space-borne optical sensor. The
solid circle represents the sphere model of the Earth, and the dotted circle represents the
edge of the Earth’s atmosphere. The sensor covers a sector beyond the tangent line of the
satellite to the Earth’s atmosphere.
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The covering conditions of a space-based optical sensor for specific space debris in a
specific altitude are shown in Formula (1).

{<P>13 )

0< dst < Lmax

where ¢ is the angle between the space object and the Earth’s center relative to the satellite,
B is the angle between the earth’s atmosphere boundary and the Earth’s center relative to
the satellite, dg; is the distances between the satellites and the space object, and Lax is the
maximal detection range of the satellite-borne optical sensor.

(3) Earth shadow model

When space-based optical sensors observe space objects, the space objects need to be
illuminated by the Sun. When the space object is in the shadowed area, the optical sensor
cannot observe it, so the influence of the shadow on the observation of the space object
needs to be considered.

Since the Sun is far from the Earth, the solar beam is regarded as parallel light and
the sunlight that is obscured by the Earth produces a cylindrical shadow [19], as shown
in Figure 3.

R

e

r

Shadow zone

Figure 3. Cylindrical shadow model.

The following formula can be used to discover whether the grid point is in the shadow
of the Earth. Satellites are not visible to space objects when they are in the Earth’s shadow
zone, and satellites are visible to space objects when they are not in the Earth shadow zone.
The value of the cylindrical shadow factor is —1 when the space object is in the shadow
zone, otherwise itis 1.

Re
1Ly > J&r < Sn'p o)
1, else

where 7 is the connection between the grid points and the center of the earth, ' is the
connection between the Sun and the center of the Earth, and  is the angle between r and 7.
The angle ¢ can be expressed using the following formula.

oS i = sin dsyn SIN Jppj + €OS Jsun COS Sgpj cos(ocob]- — Qsun) 3)

where a5, and Jsy;, are the right ascension and declination of the Sun, Xobj and (50;,]- are the
right ascension and declination of the space objects. The position of the Sun changes with
the seasons, so it is necessary to obtain multiple coordinate positions of the Sun, calculate
the constellation’s space coverage performance for each position and identify the average.
You can get the average coverage performance of the constellation in a year. In this model,
the four positions of the Sun at the spring equinox (0°, 0°), the summer solstice (90°, 23°26'),
the autumnal equinox (180°, 0°), and the winter solstice (270°, —23°26’) were taken to
calculate the observation performance of the space objects by the constellations at different
positions of the Sun.



Appl. Sci. 2023,13, 4127

50f17

(4) Visibility function

Define the visual function of F: When the sensor is visible to the grid points, F > 0
is the opposite of F < 0. The sub-apparent function is defined by the two conditions of
Formula (1), respectively.

Define the visibility function of F: When the sensor is visible to the grid points, F > 0,
and vice versa F < 0. According to the two conditions in Formula (1), the sub-visibility
functions are defined separately as shown in the following formula [20].

fi=¢—p 4)
Lmax_dst
f2 = ﬁ )

Define another sub-visibility function based on the Earth’s shadow condition as shown
in the following formula.

LY > e < By
f3= { 1, else ©)

It can be seen that when the values of the three Formulas (4)—(6) are greater than zero
at the same time, the satellite can observe the grid point.
Define the visibility function as the following.

F = min{sign(f1),sign(f2), sign(f3)} )

Define the visibility for each grid area as its visual value, denoted by C;, which is 1 if
the satellites are visible to the grid, otherwise it is 0. The visual value of each grid can be

calculated using Formula (8).
1,(F>0
Ci = { ( ) ®)

0,(F <0)

Visual value calculation rules of the grid: When the same grid can be detected by one
satellite in the simulation time, the visual value of the satellite to the grid point is 1. When
it is detected by the second satellite, the visual value is 1/2, and so on. When it is detected
by the n-th satellite, the visual value is 1/n.

(5) Constellation period calculation

For a specific grid area, the time interval between the recurrence of the corresponding
satellite constellation geometry is the coverage period of the constellation to the grid area,
and the smallest repeat interval is called the minimum coverage recurrence period.

The constellation period is calculated as follows.

_IsP

T
CT T

©)

where Ty = 274/ %, T¢ is the constellation period, T; is the satellite period, and y is the
Earth’s gravity parameter. Here, the value is 398,600.4.

2.2. Theoretical Analysis

The constellation design was based on the walker-5 constellation [21,22]. All the
satellite orbits in the constellation were circular orbits, with the same orbital altitude and
inclination. The right ascension of all the orbital planes were evenly distributed. Through
the establishment of the constellation airspace coverage model, using the appropriate
objective functions and constraint conditions and optimizing the design using the genetic
algorithm, the best constellation parameters that met the requirements were obtained,
and the constellation configuration was determined. This constellation design mainly
considered the coverage of the airspace in the orbital altitude range of 300-1000 km.
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The assessment of the constellation’s coverage performance in the target airspace
was measured in terms of time and space. At the same time, the distribution density of
space objects in the grid area corresponding to different right ascensions, declinations, and
altitudes in the airspace was considered, as shown in Figure 4. The resulting comprehensive
coverage of the constellation was the ratio of the statistical sum of the volume, time, and
density of all the observable grids of the constellation to the corresponding total.
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Figure 4. Distribution density of the space objects at different orbital altitudes.

The comprehensive coverage performance of the constellation can be expressed by
the following formula, which is also used as the objective function of the constellation’s
optimization design.

s Tc
X (ojV; ¥ d:Cj)
j=1 I=1
Ms = — S (10)
L piViTc
j=1

In the above formula, p; is the spatial debris density corresponding to each grid area,
Vjis the volume of each grid area, d; is the simulation time step, C jis the apparent value of
each grid, S is the total number of grids, T is the number of satellites in the constellation,
and T¢ is the constellation period.

The constraints are as follows.

12<T<24,3<P<L6, F=1
0<i<m 300km <a— R, <1000 km (11)
0< 0, Oy <27, 0 < MO,O/Mm,n <2r

Finally, the constellation configuration and its parameters were determined as the
following parameters: T/P/F, a,i, ()1, M1 1.

Here, T is the number of satellites in the constellation, P is the orbital plane number of
the constellation, F is the phase factor, a is the orbital radius of the satellite, 7 is the orbital
inclination, ); is the right ascension of the ascending nodes of the fiducial satellite in the
constellation, M ; is the mean anomaly of the fiducial satellite, and R, is the earth radius.

According to the walker-6 constellation configuration, the positions of the satellites in
the constellation can be represented by the following formula [23].

Q=0+ (m—1)3 1
{A%ﬂ_hhﬁwm—D#Q+M—DP@ 12)

Here, ), is the right ascension of the ascending nodes of the m-th orbital plane in the
constellation and 1 < M < P, M,;, , is the mean anomaly of the n-th satellite on the m-th
orbital plane, 1 <n < %
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2.3. Design Results

We established the above constellation design model and optimized it using the
genetic algorithms [24,25]. Then the optimal orbit parameters such as orbit altitude and
inclination were obtained. According to these orbit parameters, the different constellation
configurations were designed, and the spatial and time domain coverage performances of
the constellations were analyzed according to the established model to obtain high-quality
constellation configurations using screening.

The optimization process was carried out using the genetic algorithm, and the op-
timization process is shown in Figure 5. It can be seen from the figure that when the
population evolved to 55 generations, the optimal solution can be obtained. The optimal
orbital altitude was 609.782 km and the inclination angle was 96.142°.

%1073 Best: -0.00547002 Mean: -0.00546184
=381

* Bestfitness
-4 F +  Mean fitness

Fitness value

0 5 10 15 20 25 30 35 40 45 50 55
Generation

Figure 5. The optimization process of the orbital parameter design using the genetic algorithm.

The following situations were mainly considered, namely the number of orbital planes
(P =3, 4,5, 6) And the number of constellation satellites (T = 12, 15, 16, 18, 20, 21, 24).
Corresponding to the following 13 constellation configurations (12_3P, 12_4P, 12_6P, 15_3P,
15_5P, 16_4P, 18_3P, 18_6P, 20_5P, 21_3P, 24_3P, 24_4P, 24_6P), the specific meaning was
that, taking 18_3P as an example, the constellation was composed of 18 satellites that were
evenly distributed on three orbital planes, with six satellites on each orbital plane. The
right ascension of each orbital plane was evenly distributed and the angle between the
adjacent orbital planes was 120°.

According to the optimal deployment orbit altitude and the inclination of the satellite,
and then according to the constellation spatial coverage model established above, the
spatial coverage performance of each constellation can be calculated to judge the quality of
the constellation’s monitoring performance.

The calculated airspace coverage performance of each constellation is shown in Figure 6.
The airspace coverage performance represents the airspace performance indicators that can
be covered by all the different constellations in a constellation cycle, which can be used to
compare the performance of each constellation. It can be seen from the figure that with the
increase in the number of satellites in the constellation, the airspace coverage performance of
the constellation showed an upward trend as a whole. However, the constellation with the
same number of satellites had a very different performance due to the different constellation
configurations. Therefore, the reasonable design of the constellation configuration plays a
very important role for improving the observation efficiency of the constellation.
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Figure 6. The airspace coverage performance of each constellation.

3. Constellation Observation Optimal Scheduling
3.1. Overview of Task Scheduling

Due to the large number of space objects [26], as shown in Figure 7, the space-borne
optical telescope can only track one space object at a time. In order for the satellite con-
stellation to monitor space debris during all weather events and at all times and achieve
multi-satellite coordination, make full use of space-based observation equipment resources,
reduce inefficient repeated observation, and improve the observation efficiency, it is neces-
sary to develop an optimal scheduling algorithm for the observation tasks of space-based
satellite constellations. This includes formulating efficient observation plans for each
satellite and improve the monitoring efficiency.
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20,000 = Fragmentation Debris y
«+++Spacecraft
18,000 f
‘w- - = Mission-related Debris J
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Figure 7. Growth trend in the number of space objects.

The goal of space-based observation equipment detection task scheduling is to allocate
detection resources to significantly improve the detection and prediction capabilities for
space objects to a certain extent. This allocation must consider many influencing factors,
such as the observation capability of each sensor, the orbit accuracy of each observation
object, and the detection frequency required to maintain a catalog of space objects. Space-
based optical satellite observation task scheduling is a combined optimization problem
under complex constraints. Its observation equipment and observation targets move at
high speeds; it exhibits multi-time window constraints, multi-resource constraints, and
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high conflicts; and it has become one of the leading issues in the field of space observation.
When the amount of observation equipment and targets increases, the complexity of the
optimization problem will increase geometrically.

3.2. Principles of Observation Task Scheduling

Each detection device has its own independent requirements and tasks. Task schedul-
ing is to allocate time for each device to observe the space objects every day. In brief,
the satellite network observation task scheduling problem refers to scheduling different
satellite observation equipment to observe space objects in the observable time period
under certain constraints [27,28]. That is, the detection scheduling result is better under
certain expected effects (such as the largest number of observation targets and the highest
equipment utilization).

The principle of task optimization scheduling is to track as many space objects as
possible [29]. At the same time, the turning angle of the telescope should be made smaller
and the idle time of the telescope should be minimized. Observation is given to objects
with high priority and the space objects with short arcs are observed first. The objects with
small phase angles are also observed first. followed by the targets with small changes, etc.

Suppose there are a total of N space objects to be observed. For any space object
n € {1,...,N}, the space object is divided into R classes, and the level of each space object
is expressed as I, I, € {1,...,R}. Each space object can only be observed within a time
window, expressed as [Oy, D, |, where Oy, is the initial time when the space object can be
observed and D,, is the cut-off time.

Suppose there are a total of M optical observation satellites, for which any satellite
m € {1,...,M}. An optical satellite can observe only one space object at a time, and
likewise, each space object can only be assigned to one optical satellite for observation.
The definition of the (0, 1) variables x,,m, Xn,m = 1 indicates that the space object to be
observed # is assigned to the optical satellite m, otherwise x,,, = 0. The observation start
time of the space object 1 is S, and the observation end time is C;;, which is expressed as
the following formula.

Sn + tmin/ if Dn - Sn 2 tmin

Cn = { D,, Otherwise (13)

From S, and Cy, the observation time P, can be calculated as the following.
P,=C,—5S, (14)

The time it takes for an optical satellite to observe a space object must be >t,;, seconds
to be counted as a successful observation. The observation result k; of the space object n is

expressed as the following.

0, Otherwise

where k;, is the (0, 1) variable, k, = 1 indicates that the observation of the space object 7 is
successful, and k;, = 0 indicates that the observation failed.

In order to observe as many high-priority space objects as possible, the purpose of
observation scheduling is the total weighted number Ky of successful observations of
space objects, which can be expressed as the following.

N M
Kyt = Z Z xn,m'kn’ln (16)

n=1m=1
Therefore, the constellation observation scheduling model is established as follows.
N M
max Ky, = Z XnmKn-ln 17)
1

n=1m=
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The greedy algorithm based on the multi-dimensional list is used for constellation
observation task scheduling, and the algorithm is introduced below.

(a) Algorithm Fundamentals

The multi-dimensional dynamic list programming algorithm is a fast heuristic ap-
proach for solving the match between the tasks and resources. It is a combination of a set
of algorithms, which can be roughly divided into two parts, namely [30,31]:

(1) To determine the priority function of the task.
(2) To determine the priority function of the observation platform.

Among them, the priority function of the observation task is used to clarify that the
task needs to be processed and is selected according to the task priority. The priority is
selected first, and the subtask execution order is also arranged according to the size of
the priority, from largest to smallest, with the large task executed first and the small task
executed later. Determining the priority of the satellite platform selection dynamically
identifies the priority of each current idle platform according to the platform resource
priority function. From all the priority values obtained by all idle platforms, the highest
priority is selected first and the subtask is executed, followed by the next highest priority
value until the required resources are met for the task to be executed. At the same time, the
status of all the satellite platforms assigned to the task is set to the working state until the
end of the task processing, and then they are set to an idle state and can be reassigned to a
new task.

The algorithm flow chart is shown in Figure 8.

Start

v

Calculate task priority

v

—> Select task

v

Preprocessing

v

Satellite priority calculation

v

Satellite platform selection 4+———

v

Constraint Processing

* No

Is the task feasible?

l Yes

Completed task time update

‘Whether all tasks are
completed?
No

Task - Satellite Assignment
List

End

Figure 8. Constellation observation scheduling algorithm flow chart.

3.3. Observation Task Generation

Considering the influence of the various factors on the observation performance of
space-based monitoring equipment, we designed an efficient optimal scheduling algorithm.
It included the scheduling algorithm based on the priority of space objects and the schedul-
ing algorithm based on the priority of the object update rate. It can realize the optimal
scheduling of the observation tasks for a single satellite or a satellite constellation. A large
number of space object orbit data are used for the numerical simulation analysis, and the
analysis results verify the feasibility and adaptability of the scheduling method.
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The observation task optimization algorithm we designed can create an observation
plan for a single satellite or a constellation composed of multiple satellites at the same
time. The observation objects can be set to prioritize the observation of key objects. The
performance parameters of the satellite detectors can be set, and the number of observation
satellites can be increased or reduced as needed.

The overall consideration for the optimization scheduling algorithm of the observation
tasks is to observe as many objects as possible, and simultaneously make the rotation angle
of each satellite switch smaller and observe the higher priority objects first. The priority of
a single arc is higher than that of multiple arcs, considering the conditions of the sky, light,
and Earth shadows, such as the Moon and the Sun.

4. Cataloging Requirements

The cataloging of space objects means that the monitoring network can continuously
observe, match, correlate, and determine the orbits of space objects under normal operating
conditions and can update the orbit information in a timely manner for each space object in
the catalog. The number of space objects in the catalogue is an important index that reflects
the ability of the monitoring network. The system performance is directly related to the
number of space objects that are correctly cataloged.

The conditions for the space objects being judged to be correct for cataloging were
as follows. The maximum observable time interval of LEO objects was about 24-48 h, the
maximum observable time interval of GEO objects was about 48-168 h, and the maximum
observable time interval o other space objects was less than 168 h. If the vast majority of
LEO space objects can be observed every 24 h, the orbital cataloguing for most LEO space
objects can be achieved. In Section 5, the monitoring of space objects below 1000 km orbital
altitude within 24 h on 26 February 2022 was calculated by the simulation, which was
used to measure the cataloging ability of LEO space objects that were to be measured by
the constellation.

The calculation process was as follows: (1) Calculate the observation time interval for
each space object. (2) Calculate the maximum revisit time interval for each space object.
(3) Calculate the maximum observation time interval distribution function for the entire
set of observation objects. (4) Calculate the percentage of the time interval for cataloging
space objects that are less than the value defined above.

5. Numerical Simulation Experiment
5.1. Experiment Overview

The simulation model of the detection equipment was established by comprehensively
considering the aperture of the observation telescope and limiting the detection magnitude;
space object orbit data; sky, light, and Earth shadow conditions; the space environment
model; and atmospheric influence, etc. The number of space objects, arc segments, and
detection frequencies that can be detected were numerically simulated and analyzed. The
observation ability of the space objects with a different number of observation satellites
and different constellation configurations was simulated and calculated. The number of
objects and arcs that could be detected under each constellation configuration, as well as
the distribution of the arc length and detection frequency, were analyzed, and the detection
performance for several constellation configurations was compared.

The time of the simulation analysis was 26 February 2022, and the simulation duration
was 24 h. The simulation was mainly for space objects with an orbital altitude less than
1000 km. It was assumed that the orientation of the detector on the satellite could be
rotated according to the mission requirements during observation to realize the tracking
and observation of space objects.

The simulation was mainly divided into two parts. The first part simulated and
calculated the situation of the space objects passing through the detection range of the
satellite detectors under different constellation configurations. That is, it analyzed the basic
information, such as the number of objects and arcs, the arc length distribution, detectable
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frequency, and so on in order to understand the influence of the orbital position of each
constellation on the observation performance of the space objects. The second part was
mainly based on the observation task scheduling algorithm of the space-based optical
satellite constellation established above to allocate and schedule the observation tasks for
the different constellation configurations. The various satellites in the constellation could
coordinate, cooperate, and make full use of the observation resources and observation time.
More space objects can be observed, and more observation data can be obtained, thereby
providing support for the determination of the orbit of space objects and the establishment
of a library of orbit catalogues of space objects.
For convenience, each constellation was numbered, as shown in Table 1.

Table 1. Constellation number table.

Constellation Meaning

Constellation 1
Constellation 2
Constellation 3
Constellation 4
Constellation 5
Constellation 6
Constellation 7
Constellation 8
Constellation 9
Constellation 10
Constellation 11
Constellation 12
Constellation 13

12_3P, 12 satellites were evenly distributed on three orbital planes
12_4P, 12 satellites were evenly distributed on four orbital planes
12_6P, 12 satellites were evenly distributed on six orbital planes
15_3P, 15 satellites were evenly distributed on three orbital planes
15_5D, 15 satellites were evenly distributed on five orbital planes
16_4P, 16 satellites were evenly distributed on four orbital planes
18_3P, 18 satellites were evenly distributed on three orbital planes
18_6P, 18 satellites were evenly distributed on six orbital planes
20_5P, 20 satellites were evenly distributed on five orbital planes
21_3P, 21 satellites were evenly distributed on three orbital planes
24_3P, 24 satellites were evenly distributed on three orbital planes
24_4P, 24 satellites were evenly distributed on four orbital planes
24_6D, 24 satellites were evenly distributed on six orbital planes

5.2. Object Detectable Analysis
5.2.1. Detection Quantity Analysis

As shown in Figure 9, the observation performance of space objects varies greatly
among the different constellation configurations, and the observation efficiency of the
constellations 12_3, 12_4, and 12_6 that were composed of 12 satellites was relatively
poor. Among them, the 12_3 constellation configuration meant that 12 satellites were
evenly distributed on three orbital planes, and the right ascension of each orbital plane was
120 degrees different. The meaning of other constellation configurations can be deduced in
the same manner.
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Figure 9. The proportion of space objects within the detectable range of the different constellation
configurations to the total.

Secondly, the constellations composed of 15, 16, and 18 satellites had good monitoring
performances, of which the observation performances of the 15_3 and 18_3 satellites were
relatively good. In addition, the constellations composed of 20, 21, and 24 satellites had the
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best performances and the largest numbers of observed targets. However, the larger the
constellation size, the greater the cost. Therefore, the specific constellation to be selected
for the space object observation should be comprehensively considered according to the
demand and the cost.

5.2.2. Analysis of the Observation Arc Length

Figure 10 shows the relationship between the number of observable space objects in
the different constellations and the length of the arcs. It can be seen that there were various
arc lengths in the space objects observed by the different constellation configurations. For
the same range of the detection arc length, the overall trend was that the more satellites the
constellation has, the more space objects it can observe. However, for constellations with
the same number of satellites, the monitoring efficiency was also slightly different due to
the different constellation configurations. According to the post-processing requirements
of the monitoring data, if the arc length was long, it was conducive to the determination of
the space object orbit and the improvement in the accuracy.
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Figure 10. The distribution of observable objects with an arc length in the different constellation configurations.
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Figure 11 shows the distribution of the number of arcs and arcs lengths observed in the
different constellation configurations. It can be seen that the number of arcs corresponding
to the different arc lengths was quite different. Among them, the number of arcs with
arc lengths greater than 1 min was large, which was also conducive to improving the
effectiveness of the observation data. Long observation arc lengths are preferred for space
objects, which is conducive to data processing and the orbit determination of space objects.
When the arc length was less than 1 min, it can be seen from the above figure that the
number of arcs corresponding to the arc length gradually increased from 10 s to 60 s. For
the same arc length range, for example, when the arc length was approx. 40 s, the larger
the constellation size, the more arc segments could be observed.
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Figure 11. Observable arc length distribution of the different constellation configurations.
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5.2.3. Observation Frequency

Figure 12 shows the relationship between the number of observable space objects in
the different constellations and the detectable frequency of these objects. As can be seen
from the figure, for the constellations with a small number of satellites, the detectable
frequency for most space objects was approx. 30-50 times. For large-scale constellations
with more satellites, the detectable frequency of space objects increased considerably by
approx. 70-80 times. Therefore, the larger the constellation size, the more observation
opportunities, and the easier it is to observe the key targets.
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Figure 12. Variation of the number of objects observed using the different constellation configurations
for the observation frequency.

5.3. Tacking Observation Performance

Based on the optimal scheduling algorithm of the satellite constellation observation
tasks designed above, the monitoring ability of the different constellation configurations for
LEO space objects was simulated, mainly for space objects with orbital altitudes less than
1000 km. The simulation conditions were that each object was observed for at least 60 s,
and the switching time of the satellite detectors was 5 s. The field of view of the telescope
was 15°, the maximum observation distance was 1000 km, and the simulation duration
was 24 h.

It can be seen from Figure 13 that the fourth, seventh, and eleventh constellation con-
figurations had good tracking observation performances. The corresponding constellation
configurations were 15_3, 18_3, and 24_3, respectively. They tracked 91.10%, 91.77%, and
92.75% of LEO space objects, respectively, within 24 h. If they were observed continu-
ously every day, most LEO space objects could be catalogued. Among these constellation
configurations, 15_3 and 18_3 were the locally optimal constellation configurations, and
the 24_3 constellation was the globally optimal constellation configuration. However, for
the constellations composed of 15 and 18 satellites, the number of satellites was less than
the 24-satellite constellation, resulting in a lower cost and a higher cost performance. The
specific constellation configuration can be determined according to the needs of the users.

In Figure 14, the 15_3 constellation configuration was taken as an example, to analyze
the number of space objects that could be observed by each satellite in the constellation
under the observation task optimization scheduling algorithm. Here, 15_3 indicated that the
constellation was composed of 15 satellites, which were evenly distributed on three orbital
planes, and the right ascension of each orbital plane was evenly distributed. The detector
on the satellite could rotate freely, so that it could observe the specified space objects. The
number of space objects that could be observed by each satellite in the constellation within
24 h is shown in the above figure. It can be seen that the number of space objects that can be
tracked by most satellites was more than 800, and the number of objects that can be tracked
by a few satellites was approx. 650. The constellation tracked and observed 11,522 objects
in 24 h, accounting for 91.10% of the total objects participating in the simulation. It had a
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good observation efficiency. If the constellation continued to observe space debris every
day, it could catalog most space objects with an orbital height of less than 1000 km.
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Figure 13. Proportion of objects that can be tracked within 24 h in the different constellation configurations.
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Figure 14. The number of objects that could be tracked by each satellite in the 15_3 constellation in 24 h.

6. Conclusions

In this paper, a mathematical model of a constellation design was established by
considering various factors, and was optimized by using a genetic algorithm to obtain
the optimal orbital height of 609.782 km, the optimal orbital inclination angle of 96.142°,
and a high-quality constellation configuration, which was mainly used to observe space
objects with an orbital altitude below 1000 km. A greedy algorithm based on a multi-
dimensional list was designed to optimize the scheduling of the constellation observation
tasks and realize the optimization of the single-satellite observation tasks and constellation
observation tasks. Through the simulation experiments, the mathematical model and the
optimization algorithm established above were verified.

It was found that the constellation composed of 15 satellites had a high cost perfor-
mance, achieved a high observation efficiency with relatively few satellites, and tracked
91% of the objects with an orbital altitude of less than 1000 km every 24 h. The constellation
composed of 24 satellites distributed on three orbital planes had the best observation effi-
ciency. It tracked approx. 93% of LEO orbit objects in 24 h. Through long-term continuous
observation, these constellations could maintain an orbit catalogue of most low orbit objects,
identify dangerous rendezvous times, and prevent the loss of space assets.
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