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The study aimed to create a model of a satellite structure that meets the
necessary criteria for stability and rotation in space. The satellite being
analyzed has an octagonal shape, with a diameter of 110 cm and a height of
85 cm. A dynamic modeling approach was used to analyze the structural
properties, and the finite element method (FEM) was employed for
computational analysis. This method allowed for a comprehensive
evaluation of stress, displacement, and vibration distribution throughout the
structure, providing insight into the behavior of the communications satellite
in space. The test model frame consists of plates and bars arranged in an
octagonal shape. The analysis utilized the von Mises stress (cvM) criterion
to assess the yield strength or brittleness of the chosen material, 7,057
aluminum alloy. The study revealed that the structure demonstrates stability
in six different modes but also exhibits deformation due to modifications in
the basic arrangement. Additionally, transient fluctuations in the spacecraft's

position over a 24-hour cycle result in changes in torque. The structure
remains stable within a specified frequency range starting at 150 Hz when
subjected to vibration stimuli, and no external instability was detected within
this range.
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1. INTRODUCTION

The development of a space system entails a thorough evaluation of its operating environment to
ensure optimal performance, durability, and longevity of the satellite [1]. Natural alignment is especially
critical in space because of the attendant challenges and expenses associated with the repair. For the current
investigation, the spatial environment under study relates to the near-earth extension, which includes a range
of altitudes ranging from low-earth orbit to geosynchronous orbit and beyond, including all possible
inclinations [2], [3]. The complex and ever-changing natural space environment (SE) near earth can be
described as a dynamic phenomenon. The outline and characterization of earth's features are influenced by
several components, including the earth's natural geochemical properties, active intelligence between the
earth and the sun, and multiple events in the interstellar and planetary space field [4]. The different
interactions with space systems result in a wide range of effects [5]. These effects are divided into natural and
artificial categories and are classified based on the variables of the SE [6]. When following the presentation
strategy, a set of natural factors and their effects on near-earth space are presented in Table 1 [7]. In addition,
guidance systems are used within the satellite or shuttle to correct its orientation, as mentioned in [8]-[10].
The motion of the satellite, affected by gravity and other forces, is complex. It is important to develop a
diagram of the transient behavior of the relevant forces [5]-[19]. In 2010, he briefly presented a valuable
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reflection on the effect of normal torque on the implementation of node number (N)-10 thrust tires in orbital
elements [20]. References for modeling accurate gravitational reversal and radiative weight based on the sun
can be obtained from sources 3, 4, and 5. A satellite is not an insignificant concentration of mass in studying
the exploration of a planetary body, as already accepted by Kepler [21]. Normally, the shuttle is subjected to
characteristic torques that affect its operation [22]-[24]: gravity ramp torque, sunbeam weight torque, gravity
torque, airflow, heat probe, and pulse thrust torque. Low earth orbit (LEO) is a SE that poses various
hazardous elements, including but not limited to atomic oxygen, ultraviolet radiation, and ionizing radiation
consisting of electrons and protons, high vacuum, plasma, micrometeorites, debris, and fluctuations in
degrees of heat [25]-[30]. Spacecraft exterior surfaces are subject to various environmental stresses that can
degrade their building materials. One topic of current interest is the impact of the natural spatial environment
on spacecraft design, development, and operations. In 2018, Nakka et al. studied a robotic spacecraft
simulation platform called M-STAR to evaluate configuration orientation, relative navigation, and control
algorithms [18]. The simulation functions with frictionless translational and rotational motion, alongside
gravity-driven flight-like engines [31]-[33]. A 2019 study presented a theoretical framework for analyzing
the dynamics of a tethered satellite system. It includes symmetrical rigid structures, balanced anchor points,
and tethering to minimize weight [34]. Satellites approaching the end of their service life can be refurbished
with imminent capabilities [35]. The revival of an unused satellite was enabled by Northrop Grumman’s
mission extension vehicle-1 (MEV-1), marking a new era of sustainable orbital utilization and advancing
research in computer simulation of satellite infrastructure, envisioning it in a SE. The system's structural
integrity is influenced by varying moments from different directions. This study aims to improve the
geometric properties and moment of inertia for enhanced stability and rotation during space transit.

Table 1. SE and its impact on the space system [7]

Environmental factor Effects
Earthshine and sunlight ~ Power, photo-mission, torque, drag, material damage, thermal cycling, and heating
Gravity Torques and acceleration
Neutral atmosphere Drag, torques, high vacuum, vacuum contamination, drag, and material degradation
System generated System dependent: plasma, neutrals, plasma, forces, fields, particles, radiation, and torques

The study aimed to develop a stable octagonal satellite structure using dynamic modeling and finite
element analysis and evaluate stress, displacement, and vibration throughout the design process. In addition,
it sought to optimize the geometric properties and moment of inertia to ensure that the satellite meets the
necessary criteria for stability and rotation during space travel. The research question in this study is “How
can a stable octagonal satellite structure be developed using dynamic modeling and finite element analysis by
evaluating stress, displacement, and vibration throughout the design process?”. The research innovations in
this study are satellite designs that have focused primarily on cylindrical and cubic shapes. We studied the
octagon to explore the potential of the octagon.

2. RESEARCH METHOD
2.1. Satellite structure representation

To simulate a communications satellite operating in a circular low earth orbit under SE conditions,
we used a computational analysis technique called the finite element method (FEM) to thoroughly examine
stress, strain, and vibration throughout the entire satellite structure. The frame substructure in the SE
undergoes varying degrees of torque stress from multidirectional forces during the computational simulation.
To accomplish this, we designed a test model in the shape of an octagon with a diameter of 110 cm and a
height of 85 cm, as shown in Figure 1. Figure 2, contains a legend that illustrates the number of elements and
nodes in the proposed satellite structure, including the connection points between them. We analyzed the
structural properties by employing a dynamic modeling approach, using FEM as the computational analysis
method. MSC Nastran software was used for static and dynamic analyses, and analyses for structural
optimization, fatigue, and vibration using FEMs. This approach enabled a comprehensive investigation of the
allocation of stress, fatigue, and vibration throughout the structure. The test model frame is represented as a
right octagon of plates and bars, with the plate being represented by a four-node quadrilateral element. The
structure consists of three bases: upper, middle, and lower. Each base includes four plate elements, eight
peripheral nodes, and one central node. Additionally, each rod is represented by a two-node element. The
upper and lower bases each consist of eight elements, while the middle base is reinforced with two additional
bars. There are two rods at the middle base, with the first connecting knot 11 to central knot 25 and the
second connecting knot 15 to central knot 25. Eight rods connect the upper base to the middle base, and
another eight connect the lower base to the middle base. The first rod at the middle base connects knot 27 to
knot 25, and the second crossbar connects knot 25 to knot 26. A plate is a four-sided plane with uniform
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thickness. All elements, from plates to bars, have the same physical properties. Each node has six degrees of
freedom, three translational and three rotational. The origin is located in the middle of the body at node 25.
This gives the amount of 27 nodes (N) and 54 elements (NE), with 12 elements representing plates and
42 elements representing rods. Figure 1 illustrates the distribution of panels, bars, and nodes on the frame. To
adequately meet the requirements of these loads, it is recommended to use the von Mises stress (cvM)
criterion to assess the yield capacity or brittleness of the material. The experimental prototype will be
fabricated using 7,057 aluminum alloy, chosen for its noteworthy mechanical properties, including a tensile
strength of 572 MPa and yield strength of 503 MPa.

21

Upper Base 22 13 1 0
1 2-- 43 6 4 11
23 -
5 44 41 1
b 1 18
_} 3 Elements
Middle Base_| 3 . 0 N
5 7
- 4 1
N6 1s ¢
2 k| Panels (Plates)
¢ 3
7 -~
Lower Base 36 1b |

Figure 1. Satellite architecture with modeling analysis
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Figure 2. A legend that displays the number of elements and nodes in the proposed satellite structure and the
connection points between them
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2.2. Representation of loads on the satellite structure

The prototype's steering and handling will be controlled using 10 N motors, known for their low
levels of thrust. The pulse duration is typically short, with a minimum of 0.3 seconds. To analyze the stresses
and deformations of the structure, we determined and classified the loads as internal and external. The
internal loads represent the payloads, such as the communication antenna installed at node 27, the
compressed air tank to supply the thrusters in the air, and the energy storage battery installed between points
25 and 27 to supply electrical power to the satellite in the dark area. Furthermore, the control systems are
represented by two thrust motors (10 N) installed in nodes 14 and 18 in the x direction, and two more
installed in nodes 2 and 6 in the y direction, to handle internal loads and for movement and maneuvering.
External loads include gravitational forces from the earth, sun, and other planets, as well as air pressure.
These external loads can be represented by a torque that affects all nodes equally, with a torque of 1 Nm. The
total torque of the external load group is less than 1 Nm. To assess the stress and deformation capabilities of
the intended satellite construction, an investigation was conducted on different classes of loads to which the
prototype is subjected to SE testing. Conventional analysis was carried out to determine the frequencies and
modes corresponding to the structure, along with their corresponding modes. In the field of static analysis,
the observed displacement caused by the applied load was calculated. Furthermore, the method used for static
analysis included the calculation of component forces, stresses, and interaction forces. An examination was
conducted to study the effect of an applied torque of 1 Nm on the distribution of ovM along the X and Y
coordinates of the structure to cope with the external loads. Furthermore, the effects of the applied torque of
10 N on the distribution of ovM along the X and Y coordinates of the structure were studied to address
internal loads, maneuver, and complete the tasks assigned to the proposed satellite.

2.3. Properties of 7,075 aluminum alloy

Aluminum type 7,075 is one of the strongest aluminum alloys [36]-[38]. Its high yield strength and
low density make the material suitable for applications such as aircraft parts or parts subject to heavy
corrosion aircraft fittings. The composition of 7,075 aluminum alloy roughly includes 5.6-6.1% zinc,
2.1-2.5% magnesium, 1.2-1.6% copper, and less than half a percent silicon, iron, manganese, titanium,
chromium, and other metals [37]. Its density is 2.81 g/cm?, which is relatively light for a metal. 7,075
aluminum is one of the strongest aluminum alloys available, making it valuable in high-stress situations. The
copper content in 7,075 aluminum increases its susceptibility to corrosion. A material's resistance to
deformation is determined by its modulus of elasticity and shear modulus. The modulus of elasticity for
7,075 aluminum is 71.7 GPa, and the shear modulus is 26.9 GPa (see Table 2) [38], [39]. One of the most
important measures is its yield strength. The yield strength of a material is defined as the maximum amount
of stress (or force over an area) that will not permanently deform the material. The yield strength of 7,075
aluminum is 503 GPa [36].

Table 2. Mechanical properties of 7,075 aluminum alloy [36]
Mechanical properties  Measurement (MPa)

Tensile strength 572
Yield tensile strength 503
Shear strength 331
Fatigue strength 159
Modulus of elasticity 71.7
Shear modulus 26.9

2.4. Von Mises criterion

The ovM stress criterion simplifies stress analysis by providing a single value that summarizes the
total stress intensity, regardless of direction. For evaluating materials under multi-axial stress, this effectively
captures the combined effects of multiple stresses at a single point. This capability enhances the safety and
reliability of structures and products, making it essential for stress analysis in satellite structures.

The ovM is calculated using the (1).

Oyy = \/(Ux - O’y)z + (O'y - O’Z)Z + (0, —0,)% + 6(‘[,%3, + 13, + 2,) (@)

In this context, ox, oy, and 6z represent the normal stresses in the X, y, and z directions, while 1x, ty, and 1z
denote the shear stresses in the respective X, y, and z planes.
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3. RESULTS AND DISCUSSION

The results obtained from the analysis are shown in Table 3 and Figures 3-24. Table 3 shows the
eigenvectors and their corresponding modes, which are similar to the fixed displaced features in Figure 3.
The highest distortion values are found in modes 6 and 5, with distortion values of 0.0544 and 0.0488 m,
respectively, at eigenvectors of 187.85904 and 178.6357 Hz. In stability analysis, observed displacement
refers to the physical displacement resulting from an applied load. This study explores the effect of an
applied torque of 1 N on the dispersion of cvM across the X and Y axes. Figures 4-6 illustrate the values of
ovM within different structural components, examining the stress distribution due to the torque. The
observed displacement values at the characteristic nodes of the structure, along with their corresponding X
and Y coordinates under a 1 N torque, are shown in Figures 7-9. Furthermore, Figures 10-15 display the
current values of ovM within different structural components of the system, along with their corresponding
distributions. These stress values were obtained while the system was subjected to a thrust load of 10 N in
both the X and Y directions. Figures 16-21 display the displacement magnitudes of various nodes at the X
and Y coordinates of the structure. These measurements were taken while subjecting the structure to a thrust
load of 10 N in both directions. Based on the experimental findings, it is evident that stress diffusion results
in a significant increase in stress levels on the bottom plate of element 34 compared to other plate and rod
elements. The hinge positions are of particular interest, with a recorded ovM of 314.714 N/m2.Additionally,
both the hinges and the body panel experienced extreme stress levels of 4,423 N/m2. When a specific
architectural structure is subjected to a driving force in the x-axis, the component exhibiting the highest stress
level is component 49, while the stress level is lower in element 38 due to its plate-type nature, in contrast to
the strip element number (NE) 49. The results above demonstrate how external forces interact with the
structure, guiding design and technological applications. When the thrust load is applied in the y direction,
element 42 experiences the highest stress, while element 49 experiences the lowest stress within the structure.
Additionally, the maximum displacement occurs at node 4 in two different directions. There is a noticeable
difference in stress levels between items 1-32 and 33-54, which is attributed to their structural characteristics-
the former consists of rods, and the latter consists of sheet structures. This result emphasizes the critical role
that the inherent structural properties of materials play in determining their stress response. The proposed
satellite is subjected to environmental loads from acceleration in a space field. To determine the
displacements and stresses experienced by the nodes and characteristic elements under variable loads,
transient response analysis using the FEM configuration model followed by load application is necessary.
Figure 22 visually represents the relationship between displacement and time, while the stress distribution is
investigated. The investigation illustrates the ovM in various components, as shown in Figure 23. The
structure was subjected to a frequency range of 0 to 200 Hz, with an additional step of 1 Hz. Figure 24
provides a graphical representation of the relationship between displacement and frequency.

Table 3 Output sums for each case, the modal value in hertz, and the total distortion at that frequency
Case number  Eigenvectors (Hz)  Total distortion (cm)

1 1.93559 0.0405
2 3.49003 0.0407
3 46.62015 0.0591
4 49.28521 0.0625
5 178.6357 0.0488
6 187.85904 0.0544

3.1. Practical implications

The Nastran software was used for dynamic modeling and finite element analysis in this study. The
research focused on developing a stable octagonal satellite structure, with an emphasis on enhancing its
mechanical properties and torque characteristics. This was essential to ensure structural stability and precise
rotational behavior in the space environment. The design process also considered the harsh environmental
conditions encountered in space, which helped improve the satellite's reliability and operational performance.

3.2. Theoretical implications

The analysis of mechanical structures under various loading conditions primarily depends on static
and dynamic principles to evaluate stresses, displacements, and natural frequencies. While this analytical
process can be time-consuming, the use of Nastran significantly enhances both computational accuracy and
efficiency. This advancement is crucial for managing complex structures, such as satellites, as it enables
real-time results that accurately reflect their behavior. Ultimately, this improvement increases the theoretical
and practical significance of the analysis.
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3.3. Limitations of the study

A significant limitation of this study is the necessity to accurately specify the input data for each
element, node, and panel within the Nastran software, particularly concerning the loads and moments applied
to the satellite structure. While the software facilitates easy modifications of loads and dimensions, any
inaccuracies or assumptions in these inputs could negatively affect the simulation's accuracy.

3.4. Limits of scientific research

This study focuses on the design of an octagonal low-earth orbit communications satellite, using the
Nastran modeling software. It does not include field tests or practical applications. The applied loads and
environmental conditions are based on theoretical parameters and do not address long-term effects or satellite
lifetime. The analysis is based on specific materials, assuming constant mechanical properties, and excludes

considerations of material defects, degradation, and harsh environmental factors that could affect
performance and reliability.

-

-\
Output set: case 1: mode 1.93559 Hz. Deformed Output set: case 2: mode 3.49003 Hz. Deformed
(0.0405): total translation (0.0407): total translation

Output set: case 3: mode 46.62015 Hz. Deformed Output set: case 4: mode 49.28521 Hz. Deformed
(0.0591): total translation (0.0625): total translation

Output set: case 5: mode 178.63576Hz. Deformed Output set: case 6: mode 187.85904 Hz. Deformed
(0.0488): total translation (0.0544): total translation

Figure 3. Structure mode shapes
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4. CONCLUSION

The operational parameters have been obtained and approved for use in SE conditions. Passive and
dynamic investigations have revealed several additional benefits for their use in structural design and useful
load distribution. The near-earth environment constantly changes and involves various components
significantly affected by relevant frames. Based on the frame position values, it can be concluded that the
structure maintains stability in up to six specific positions, which exhibit slight deformation due to changes in
the arrangement of the upper and lower bases. The significant displacement of the lower plate under a 10 N
thrust at element 33, along with the concentrated thrust on the driven component of element 41, makes using
a driven pile on the upper and lower plates impractical. The ovM magnitude is significantly lower than the
yield stress of 7,075 aluminum alloy, indicating that the structure is safe. The spacecraft's torque undergoes
transient changes due to its position changes over 24 hours. The structure is stable during vibration within a
frequency range of 150 Hz, with no external instability observed. Examine different satellite structures-
circular, quadrilateral, pentagonal, and hexagonal evaluate stability, rotation, stress distribution,
displacement, and vibrations optimal design.
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