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ARTICLE INFO ABSTRACT

Satellite constellations consist of similar satellites distributed in a specific
) orbital pattern to accomplish a joint mission. They are commonly used for
Received 30 December 2023 global telecommunications, positioning, and remote sensing missions. This
Revised 27 February 2024 article utilizes a scientometric approach to analyze the structure and
Accepted 28 February 2024 s . . . . . .
- . scientific mapping of "satellite constellations” worldwide, focusing on two
Available Online 03 March 2024 . . . . L .
leading countries: the United States and China. Additionally, a comparison
is made between the United States, China, and global research outputs. The

Article History:

Keywords: research encompasses all scientific documents in the “satellite
Satellite constellations constellations” field indexed in the Scopus database from 1969 to 2023.
Scientometrics Knowledge maps (thematic subfields) and international cooperation maps
Scopus are generated using Bibexcel and VOSviewer software. The number of
Knowledge maps documents published in this period includes 14,346 globally, with 3,738
Co-Word network from the United States and 3,369 from China. The findings reveal that the

United States, China, Germany, Italy, and the United Kingdom are leaders
in this field. The trend of scientific production in this area is increasing
globally, indicating its importance and attractiveness. Conference papers
constitute the most significant number of publications worldwide and in the
United States, whereas, in China, most documents are journal articles. The
top scientific production institutions globally include the National
Aeronautics and Space Administration (NASA), the Chinese Academy of
Sciences, the German Aerospace Center, Wuhan University, and the
European Space Research and Technology Centre.
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Fig. 1. Countries with the most published documents in the field of "satellite constellations".



lad (gygld g pole

ﬂ / Glojlanle (cladnglaie ojg> ;3 0l piiin Lale Glidy vwple Jloo
¥ 5yled VY 6yg0 VFY Lo
1400
1200 — ==
1000 /
800 '/,/
600 »
b—__ﬁ,_a—"""o/
" / \v//‘ s /hﬂ/ / .
200 S _ o2
o
‘HHWW
0 —o—o—F0—F |
2000 2004 2008 2012 2016 2020 2024

<world +USA +China

Lloylgnle (cladoglaion ojgs 3 odd yiiie S ylhe i 5 N9, =Y JSWd

Fig. 2. The trend and number of documents published in the field of “satellite constellations”.

Table 1. The top institutions of science production in the field of “satellite constellations”.

«glojlsnle lasglaior ojon 13 ple sy 5y slasles =Y Jgua

World USA China
The The Name of the The number
Name of the institution | number of | Name of the institution number of N of
institution
documents documents documents
National Aeronautics National Aeronautics and Chinese Academy of
and Space 946 Space Administration 946 Sciences y 802
Administration (NASA) (NASA)
Chinese Academy of 802 California Institute of 246 Wuhan University 326
Sciences Technology
Deutsches Zentrum fiir Massachusetts Institute National University of
Luft- und Raumfahrt 355 of Technolo 172 Defense Technology 292
DLR 9y China
Wuhan University 326 University of Colorado 158 Beihang University 214
Boulder
ESTEC - European
Space Research and 298 Aerospace Corporation 151 Tsinghua University 156
Technology Centre
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Conference Paper Article %359
% 39

.«dlo)l}aLc dl.mdnﬂé.l.a» 059> ) ol plilie LS)‘JA oyd g £y -y JSAH

Fig. 3. Type and percentage of documents published in the field of “satellite constellations”.
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Table 2. Classification of existing clusters in the field of “satellite systems” until 2023 according to figure 4.

World
Cluster Major topic Some subtopics related to the cluster topic
number
1 Remote sensing Earth observations and satellite images and data management
2 Navigation Global positioning system, global navigation and tracking satellite
system
3 Telecommunication Satellite communication systems, inter-satellite links and satellite
satellites network
4 Space related issues Space debris, space flight and space stations
5 Layers outside the Earth's Measurement of ionosphere, cosmology and radio occultation
atmosphere
USA
Cluster Major topic Some subtopics related to the cluster topic
number
1 Issues related to weather Cosmology, satellites measuring weather conditions and cloud
conditions changes
2 Telecommunication Satellite communication systems, satellite link and satellite
satellites ground station
3 Space related issues Space flight, space debris and solar energy
4 Remote processing Earth observation, Reflectometry and agriculture
5 Navigation Global navigation satellite system, radio navigation and
positioning
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China
Cluster Major topic Some subtopics related to the cluster topic
number
1 Issues related to weather lonosphere measurement, weather monitoring and forecasting
conditions
2 Telecommunication Satellite communication systems, satellite link and satellite
satellites ground station
3 Navigation Global Positioning System, Radio Navigation and Beidou
navigation satellite systems
4 Space related issues Space debris, Interplanetary flight and coverage
5 Investigation of specific Determining satellite orbit, determining orbital accuracy and
satellite parameters estimating parameters
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Table 3. Comparison of the top research areas in the field of "satellite constellations™ until 2023.

Statistical populatio
World Frequency USA Frequency China Frequency
Research priority

1 Global positioning 3547 Global positioning 798 Global positioning 852
system system system

2 Commun_lcatlon 1754 Remote sensing 451 Commun_lcatlon 533

satellites satellites
3 Remote sensing 1430 Commun_lcatlon 384 Radio navigation 447
satellites
4 Radio navigation 819 Small satellites 239 Be'dmf' IENII 337
satellite systems
5 SR 769 Algorithms 221 Satellite links 313
aperture radar)
6 Small satellites 732 satellite imagery 169 LEO satellite 291
7 Algorithms 685 Weath(_er 152 Inter-satellite link 247
forecasting
8 Satellite links 673 Sensors 149 Remote sensing 243
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Table 4. Comparison of the top research areas in the field of "satellite constellations™ 2022- 2023.

Statistical population
. World USA China

Research priority

in 2022 and 2023

1 Global positioning Global positioning Global positioning system
system system

2 Communication satellites LEO satellites LEO satellites

3 LEO satellites Commun.|cat|on Communication satellites

satellites
4 Remote sensing Remote sensing Satellite network
5 Satellite Links Small satellites Satellite links
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Fig. 4. Co-words network in the field of "satellite constellation" extracted from documents of the World, America and China.
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This research aims to optimize the trajectory of a low-thrust
spacecraft carrying biological cargo. Minimizing the radiation
exposure from the Van Allen belts is the objective of the optimal
criterion for the control problem concerning orbital transfers from
low orbits to high orbits. Since the minimum radiation stress
criterion introduced in this article is unconventional, solving this
optimal control problem is complex, necessitating using the honey
bee optimization algorithm. The trajectory optimization in this
study involves reformulating the equations of motion based on the
control variables and solving these newly defined equations using
the honey bee optimization method. The primary advantage of this
approach is its integration of optimal control theory with
population-based optimization methods, employing a global
approach. In the presented novel method, the optimal control
problem is simplified by redefining the differential equation of the
system, and the results demonstrate both accuracy and ease of
solution. Based on the results obtained from the comparison
between the optimal criterion of minimum time and minimum
radiation stresses presented in this article, the minimum radiation
stress criterion causes an increase of 8.89% in transfer time.
However, this criterion significantly reduces exposure to magnetic
radiation, which is crucial in the transfer to high orbits.
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1. Two Point Boundary Value Problem (TPBVP)
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Table 1. Orbital transfer responses.

Angle (deg) Orbital Translation (day)
Bo (deg) 20.6264
Br(deg) 123.1856
AB(deg) 102.5592
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The prioritization and validation of emerging space technologies involve a
multi-step, iterative process that necessitates the integration of collective
intelligence from all stakeholders alongside analytical methods to identify
requirements. This process begins with identifying specialists with sufficient
knowledge and experience regarding each technology, extracting and
evaluating essential data, prioritizing technology options, identifying
challenging technologies, determining essential acquisition strategies, and
finally, prioritizing these technologies. This article presents a method to
identify and prioritize certain space technologies suitable for a satellite's
electrical power subsystem (EPS). Based on the results, it is possible to
determine the most effective method to acquire the necessary technology
through national development or by leveraging existing technologies
available in the market. The power subsystem components are categorized
into three groups to evaluate the proposed method: electrical power
generation sources, energy storage sources, and power electronic circuits.
The results indicate that among all studied technologies, GaAs solar cells,
lithium-ion batteries, and electronic circuits constructed with military and
industrial components should be prioritized for national development.
Additionally, the proposed method demonstrates that the selected
technologies are those recently employed in space applications. This
methodology can also be extended to other subsystems.
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. problems, . problems,
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9 problems 9
problems problems
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Inout coefficients of comparison ona comparison on
P ideal and non- Paris alto9ratio
; . to 9 ratio scale
ideal options scale
Complete
ranking with the
score close to Complete rankin Complete
Output the ideal state W‘i)th SCores 9 ranking with
and distance scores
from the non-
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Qualitative/Qua - e
Approach ntitative Qualitative Quantitative
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Ranking Scale Otol Otol diﬁgr&ggoim
problem
Best . . .
Alternative Highest value Highest value Highest value
Consistency -
Levels No restriction 9 Less than 0.1
6. Vikor

7. Complex Proportional Assessment (COPRAS)

8. Preference Ranking Organization Method for the Enrichment of
Evaluations (PROMETHEE)

9. Elimination and Choice Translating Reality (ELECTRE)

10. Weighted Product Method
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in the subsystem

Extract technological
indicators in the subsystems
under review
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the evaluation
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methods for problem
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evaluation method each indicator
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number of technologies based on reliability data

Determine the inconsistency
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of individual indicators

Re-send the questionnaire to
the experts for re-evaluation of
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Evaluation
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technology score
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Determining the
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Determine technology priorities
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Fig. 1. The prioritizing flowchart for satellite EPS technologies.
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Table 3. Registration form for experts working aera.
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Table 2. EPS technologies.

Technology Name
Silicon Panel
Gallium Arsenide Panel
Panel with Concentrator
Panel with Reflector
RTG (Radioisotope Thermoelectric
Generator)

Tether
Nickel-Cadmium Battery
Nickel-Hydrogen Battery

Lithium-lon Battery
Advanced Lithium Battery
Supercapacitor
COTS (Commercial Off-The-Shelf)
MIL (Military-grade)
Space/RadHard (Radiation-
Hardened for Space)

Si (Silicon)

SiC (Silicon Carbide)

GaN (Gallium Nitride)

Section

Energy
Generation

Energy Storage

Type of
Components

Component
Technology
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Table 7. Computing WSM (Weighted Sum Model).
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Table 4. Definition of criteria.
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Table 8. Consistency index based on WSM.

condorer | | [ | v
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5.261 0.065 0.341
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C1 Alignment with strategic satellites
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Table 5. Scale values for criteria.

Preferences (Verbal Judgment) II rr:sgﬂz]gz
Fully preferred or much more important 9
Strong preference or importance 7
Moderate preference or importance 5
Slight preference or importance 3
Equal preference or importance 1
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Table 6. Weight of criteria based on comparison matrix.

Criteria | c1 | c2| c3 | cal| cs V\é‘\*,'\;")ht
c1 1 | 3 0333 5 [0333] 0170
c2 |o0333] 1 [033] 1 | 02 | o7
c3 3 | 3| 1 | 3 |0333] 023
ca 02 | 1 0333 1 | 02 [ 0065
C5 3 | 5| 3 | 5] 1 | 04sa

Total |7533| 13| 5 | 15 | 2066 | 1
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1. Weighted Sum Vector
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Table 9. The template for gathering score of technologies.

Technology Evaluation Criteria

Technical

Application, L .
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2. Cronbach’s Alpha 1. Consistency Ratio (CR)
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Fig. 2. Rank of electrical power source technologies.
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Fig. 3. Rank of electrical power storage technologies.

3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
Si SIC GaN

ol (55095 gancagll o sl -F S

Fig. 4. Rank of electronic components technologies.
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Fig. 5. Rank of electronic components type.
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Table 10. Final score of EPS technologies.

Technology Name Final Score O
Type
Lithium-lon Battery 3.66 High
Silicon Components 3.34 High
Military Components 3.15 High
TJ-GaAs Panel 2.98 High
COTS Components 2.93 High
Advanced Lithium- .
lon Battery 28 High
SiC Components 2.50 High
Rad-Hard 2.50 Medium
Components
Silicon Panel 2.45 Medium
GaN Components 2.30 Medium
Nickel-Cadmium 214 Medium
Battery
Solar Panel with 206 Medium
Reflector
Nickel-Hydrogen 156 Medium
Battery
Solar Panel with 141 Low
Concentrator
Supercapacitor 1.15 Low
Tether 0.17 Low
RTG -0.42 Low
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This paper addresses the semi-analytical modeling and stability
analysis of coupled slosh-tank dynamics within a multi-body system
framework using the homotopy perturbation method (HPM). The
sloshing motion of the liquid inside the tank is represented using an
equivalent pendulum model, which allows for a more accurate
depiction of the dynamics involved. Nonlinear equations of motion
are derived using the Lagrangian approach to account for lateral and
longitudinal excitations, explicitly focusing on compressive
oscillations. Our model investigates the influence of critical
parameters, including viscous damping, amplitude, and excitation
frequency. These parameters are examined at two specific points,
one within and one outside the stability regions, to understand their
effects on the overall system behavior. The study demonstrates that
viscous damping is particularly significant in moving points from
unstable to stable regions compared to other principal parameters.
Simulations are conducted to visualize stability phenomena through
stability diagrams, phase portraits, and time histories of sloshing
amplitude. The results obtained using HPM are compared to those
from the numerical Runge-Kutta method, validating the analytical
approach. This comparison highlights the effectiveness of HPM in
accurately capturing the dynamics and stability characteristics of
coupled slosh-tank systems, offering valuable insights into the
design and control of such systems.
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Achieving new technologies with high reliability while reducing the cost
and time of the design cycle is one of the most significant challenges in
developing complex systems. This paper discusses the reliability-based
design of a space system during the conceptual design phase. Generally,
there are eight steps in designing for reliability. As applied to a liquid
propellant engine with electro-pump technology, these steps include
planning, determination of failure modes, reliability modeling, reliability
allocation, propagation of uncertainty, implementation of the chosen
method in reliability analysis, reliability prediction, and reliability
evaluation. Each step contains sub-steps that follow in a specific order.
In the second step, the prediction of failure modes is carried out using
two FMEA methods alongside design constraints. The third step involves
developing the reliability block diagram for the electro-pump. In the
fourth step, various reliability allocation methods are introduced and
reviewed. The fifth step presents four approaches to investigate
uncertainty: sampling methods, analytical methods such as FORM and
SORM, polynomial estimation using Taylor series, and advanced
methods like random expansion. Subsequently, the uncertainty in the
electro-pump engine is addressed alongside the limited functions in the
electro-pump engine. Finally, in the seventh step, the reliability
evaluation of the electro-pump engine is discussed. This evaluation is
conducted to validate the proposed method, where reliability is
determined using two indicators: specific impulse and mass ratio (initial
mass to final mass).
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Fig. 2. Block diagram of electro-pump.
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Fig. 3. Block diagram of electro-pump engine reliability.
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Table 1. Indexing the reliability of the specific liquid propellant
engine.

Row Component Name Alllc;]c::)i(on
1 Oxidizer and Fuel Tanks R1
2 Battery R
3 Inverter Rs
4 Electro-Motor Ra
5 Fuel Pump Rs
6 Oxidizer Pump Re
’ Valves R,
8 Thrust Chamber Rs
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Table 2. Reliability of small class launch vehicle (Cargo weight
up to 2000 kg) [28].

Lunch Number of Number of
. successful failed Reliability
Vehicle
launches launches
Athena -1
Ahena -2 5 2 0.71
Kosmos 400 23 0.94
Molniya 266 19 0.93
Pegasus
XL 32 3 0.91
Rockot 27 3 0.93
Start-1 5 1 0.83
Taurus 5 1 0.83
Titan 2 10 0 1
Shavitt
(Israel) 3 ! 0.75
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Table 3. Predicted failure rates of engine subsystems.

Failure Failure rate
Row Component rate value
Name
Index (Failure per min.)
Oxidizer and
1 Fuel Tanks A 6.6e-6
2 Battery A2 6.67e-5
3 Inverter A3 6.6e-6
4 Electro-Motor A 6.67e-5
5 Fuel Pump As 6.67e-5
6 Oxidizer Pump As 6.67e-5
7 Valves A7 6.67e-5
Thrust
8 Chamber As 6.7e-4
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Table 4. Calculation of weighted coefficients, assigned failure
rate and reliability of engine subsystems.

Component . .
Row A w; A R;(t)
Name
Oxidizer and
1 6.6e-6 | 0.006 | 0.0000012 | 0.99998
Fuel Tanks
2 Battery 6.67e-5 | 0.06 | 0.000012 | 0.9998
3 Inverter 6.6e-6 | 0.006 | 0.0000012 | 0.99998
4 Electro-Motor | 6.67e-5 | 0.06 0.000012 | 0.9998
5 Fuel Pump 6.67e-5 | 0.06 | 0.000012 | 0.9998
Oxidizer
6 6.67e-5 | 0.06 | 0.000012 | 0.9998
Pump
7 Valves 6.67e-5 | 0.06 | 0.000012 | 0.9998
Thrust
8 6.7e-4 | 0.618 | 0.00012 0.998
Chamber
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Table 5. Scope of application of different uncertainty propagation approaches.

o Failure No. Solver
Row Approach Non-linearity - No. Parameters
domains Runs
1 Monte Carlo Arbitrary Arbitrary many >10%(3 sigma)
2 Simulation Arbitrary Arbitrary <10 >107(3 sigma)
3 | Directional Sampling Arbitrary One dominant <10 1000-5000
4 Adaptive Im_portance Monotonic One dominant <20 500-1000
Sampling

5 FORM, SORM Monotonic One dominant <20 200-500
6 ISPUD Continuous Few dominant <20 200-500
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Table 8. Setting the parameters in the ARSM-DS method.

1. Directional sampling

Number of directions: 1000

2. Metamodel

Number of supports in 1st step: 200
Scaling factor in 1st step: 3
Number of supports in per step: 50
Number of steps: 3
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Table 6. Setting the parameters in the MCS method.

Total number of samples: 1000
Samples to be computed in 3
parallel:

FORM 4, ;5 o el )y wulss — ¥ Jou

Table 7. Setting the parameters in the FORM method.

1. Optimization algorithm
Optimization algorithm used: NLPQL
2. Optimizer settings

Desired accuracy: 0.0005
Differentiation scheme: Central
Differentiation step size: 0.01
Maximum number of solvers runs: 10000
Number of parallel line searches: 1
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Table 9. Variables, range of changes and uncertainties in electropump engine.

Variable Reference Min. Max. Notation Variable cov Distribution
Value Type Type
Consumption ratio 2.24 2 2.34 ! Continues % 2 Normal
Ratio of tank
volume to 1.04 1.03 1.05 K, Continues - Deterministic
propellant volume
Initial pressure of 270 250 300 Po Continues - Deterministic
the gas tanks
Chamber Pressure 110 95 120 P Continues %02 Normal
Battery energy 5 . 0
densities 230 130 500 b.E Continues 002 Normal
Efficiency of 085 080 | 09 N | Continues | - |Deterministic
inverter
Efficiency of 0.66 063 | 07 Moo | Continues | - |Deterministic
oxidizer pump
Efficiency of fuel | 561 | 056 | o065 ne | Continues | - |Deterministic
pump
Burning time 900 600 1200 by Continues - Deterministic
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Fig. 4. The relationship between the chamber pressure and
consumption ratio with the objective function of the final

velocity within the cloud of reliability points in the electro-
pump feeding system.
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Fig. 7. Correlation between specific impulse index and
reliability in electro-pump feeding system.
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Fig. 5. Clarify the failure and safe area in electro-pump feeding system
with two variables of chamber pressure and consumption ratio.
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Fig. 6. Relation between chamber pressure and battery energy
density with the objective function of the final speed in the cloud
of reliability points in the electro-pump feeding system.
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Recent advancements in space technology have sparked significant
interest in small satellite constellations, primarily due to their reduced
costs, quicker development cycles, and improved capabilities.
Although the costs associated with launching these satellites remain
high, innovative strategies are emerging that offer alternatives to
conventional deployment methods for positioning constellations in
their designated orbits. These deployment strategies can be broadly
categorized into two types: direct and indirect. This paper explores an
indirect deployment method that utilizes Earth's oblateness
perturbation alongside the satellite's propulsion subsystem to position
satellites across multiple orbital planes. The method has been
rigorously simulated and analyzed in the context of two operational
satellite constellations, each serving distinct purposes—remote
sensing and global internet provision. Furthermore, a comprehensive
launch and deployment strategy has been developed and applied to a
regional satellite navigation system, consisting of 130 satellites
designed to serve Iran. This approach emphasizes the influence of
Earth's shape on satellite orbits to optimize deployment efficiency.
The analysis focuses on key parameters such as the time required for
deployment and the necessary change in velocity (AV). The study
demonstrates how leveraging the natural nodal precession caused by
Earth's oblateness can significantly enhance the deployment process,
reducing fuel consumption and operational costs. This approach
presents a promising alternative for future satellite constellation
deployments, offering both economic and technical advantages.
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Table 2. Comparison of simulated AV vs. actual AV [11].

Sat. | Actual AV (ms~!) | Simulated AV (ms~1)
FM5 153.1 148.2
FM2 154.0 145.2
FM6 153.0 147.5
FM4 154.0 149.3
FM3 107.9* 148.4
FM1 159.8 150.1

* Propulsion system failure in actual mission
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Table 1. Constellation (1) specifications.

Mission Specifications

No. of Satellites, n, 6
No. of Planes, n,, 6
Propulsion Hall-Effect Thrusters

Specific Impulse 3000 sec
Injection Orbit Specifications

Semi-major axis, a (km) 6893
Eccentricity, e 0.00323
Inclination, i 720
RAAN, () 301°
Mission Orbit Specifications
Semi-major axis, a (km) 7178
Eccentricity, e <0.014
Inclination, i 72°
s
RAAN, Q . n, -1
n=12,..,6
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Fig. 6. Altitude and RAAN angle for mission (2) in 120 days.
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Table 3. Constellation (2) specifications.

Mission Specifications

No. of Satellites, ng 18
No. of Planes, n,, 18
Propulsion Hall-Effect Thrusters

Specific Impulse 3000 sec
Injection Orbit Specifications

Semi-major axis, a (km) 6728
Eccentricity, e 0
Inclination, i 53°
RAAN, O 360°
Mission Orbit Specifications
Semi-major axis, a (km) 6928
Eccentricity, e < 0.00014
Inclination, i 53.0° +0.01°
2
RAAN, b-p (1)
n=12..,18

1. Hall Effect Thrusters
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Table 4. Constellation (3) specifications.

Mission Specifications

No. of Satellites, ng 130
No. of Planes, n,, 13
Propulsion Hall-Effect Thrusters

Specific Impulse 3000 sec
Injection Orbit Specifications

Semi-major axis, a (km) 6878
Eccentricity, e 0°
Inclination, i 420
RAAN, O 42°
Mission Orbit Specifications
Semi-major axis, a (km) 7248
Eccentricity, e 0°
Inclination, i 42.0°
2
RAAN, 0 = (=1
n=12.,13
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Fig. 8. Altitude and RAAN angle of 10 satellites for
constellation (3) in 300 days.
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A significant challenge in developing simulation software for flying
objects is managing the transition from concept design to the final stages
of hardware-in-the-loop integration. This paper introduces essential
software engineering standards and procedures for developing robust,
multi-stage launch vehicle simulation software using a novel approach to
address this challenge. The proposed rational unified process (RUP)
structure supports the rapid deployment of six degrees of freedom (6DoF)
simulation software, allowing its application with minimal modifications
in software-in-the-loop and hardware-in-the-loop laboratories. The paper
discusses the standards and procedures for software production, followed
by a detailed examination of the proposed simulation software structure.
The RUP is recommended for developing 6DoF satellite simulation
software, emphasizing that the programming expertise is more crucial
than the choice of programming language. Given the Iranians strong
programming expertise in C++, it is recommended as the programming
language for 6DoF simulation due to its ease of debugging and faster
development speed. Adhering to standard C++ ensures compatibility
across C++ Builder, Turbo C++, and Visual C++ compilers with minimal
modifications. Furthermore, the paper discusses the limitations of other
languages, such as Fortran and Delphi, for subsystems like vehicle
dynamics simulation (VDS), highlighting their weaker support for object-
oriented programming. The conclusion supports the use of C++ for its
robustness, flexibility across compilers, and strong development tools,
thereby enhancing the efficiency and maintainability of satellite
simulation projects.
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Fig. 2. The first step to create the software lab in a simple loop.
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Fig. 3. Software lab in the final loop.
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