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Abstract: The normal operation of spaceborne parabolic cylindrical reflector antennas under various
operating conditions relies on maintaining the root mean square (RMS) of the reflector surface’s
deformation within reasonable limits. In engineering practice, the designing of reinforced ribs is the
primary way to control the RMS of the reflector surface. However, the layout and dimensions of
reinforced ribs for many existing designs rely on the experience of the designer and lack a theoretical
foundation. This leads to suboptimal layouts and dimensions in many designs, deviating from the
optimal design. To address these concerns, this study proposes a comprehensive design approach that
combines both topology optimization and parametric analysis. Optimization and parametric analysis
were conducted for a large-sized spaceborne composite parabolic cylindrical reflector antenna. The
layout and dimensions of the reinforced ribs were reconstructed based on the optimization results
and parametric analysis. This study also obtained the influence of the height and thickness of the
reinforced ribs on the RMS of the reflector surface. Subsequently, utilizing antenna temperature field
simulations as thermal excitation inputs, finite element thermal distortion analyses were conducted
for the reflector surfaces without reinforced ribs, with the original reinforced ribs designed based
on empirical methods, and with optimized reinforced ribs. In comparison to the original design of
the reinforced ribs, the optimized design, without an increase in the volume of the reinforced ribs,
reduced the RMS of the reflector surface from 0.6025 mm to 0.5561 mm, resulting in an optimization
ratio of 7.7%. Moreover, when compared to the reflector surface without reinforced ribs, the optimized
design achieved a 17.9% reduction in RMS.

Keywords: parabolic cylindrical reflector antenna; topology optimization; parametric analysis;
reinforced ribs

1. Introduction

Sea surface salinity, as one of the crucial parameters for monitoring climate change
on Earth, plays an important role in the global water cycle [1,2]. MICAP (microwave
imager combined active and passive) has been chosen as one of the primary Chinese
payloads for ocean salinity observations in the future [3]. In order to meet the detection
requirements, considering the high gain characteristics of the parabolic cylindrical antenna,
MICAP adopted and designed a parabolic cylindrical reflector antenna [1,4,5]. However,
the periodic high and low temperatures of the reflector antenna in orbit can cause thermal
deformation of the reflector surface, causing it to deviate from the original surface de-
sign [6]. These deformations can cause the degradation of antenna electrical performance,
influencing detection accuracy [5,7,8]. The root mean square (RMS) of the reflector surface’s
deformation has been used to describe the extent of deformation of the antenna reflector
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surface and serves as a crucial metric to assess whether this affects the antenna’s electrical
performance [9]. In engineering, this is a primary way to enhance the stability of antennas
and reduce the RMS by designing reinforced ribs for the antennas [10].

In addressing the enhancement of structural stability through the design of reinforced
ribs, numerous scholars have conducted extensive research. Research predominantly falls
into two categories: (D Investigating the influence on structural stability by selecting differ-
ent materials and parameters for the reinforced ribs. Li et al. [11] conducted simulations
by varying the number and height of reinforced ribs for a reflector antenna. The results
revealed two conclusions: increasing the number of reinforced ribs significantly enhanced
the rigidity of the reflector surface, with a more pronounced effect when increasing the
number of circumferential reinforced ribs. Additionally, increasing the height of the re-
inforced ribs could improve the fundamental frequency of the antenna structure. Zhou
et al. [12] conducted simulation and experimental research on the thermal deformation of
a spaceborne honeycomb sandwich construction rigid reflector. Their study found that,
with a constant thickness of the adhesive layer, the thermal deformation of the honeycomb
played an important role in the honeycomb sandwich structure. Therefore, the stiffness of
the honeycomb should be increased to reduce the thermal deformation of the honeycomb
sandwich structure. This finding has reference value for reinforced ribs made with hon-
eycomb sandwich structures. (2) Designing more efficient reinforced ribs using different
approaches. Zhou et al. [13] divided a reflector antenna into several regions, designed
reinforced ribs at the boundaries of each region, and then designed reinforced ribs in both
circumferential and radial directions, based on the characteristics of the reflector surface.
Finally, auxiliary reinforced ribs were placed on the contours of the reflector surface, form-
ing the final layout. The design ultimately improved the overall structural stability, while
reducing weight. In contrast to traditional designs that are reliant on designer expertise,
topology optimization, by setting response types, response constraints, and optimization
objectives, facilitates the calculation of material layouts and appropriate dimensions. This
has been widely studied in fields such as structural design [14-16]. Liu et al. [17] adopted
the minimization of overall structural flexibility as the optimization objective, with the total
mass of the primary mirror as the response constraint. Size optimization of the height of
reinforced ribs was then performed, ultimately demonstrating the significant effectiveness
of the reinforced rib structure in reducing optical surface deviations caused by self-weight
and polishing pressure loads. In addressing the primary mirror assembly of large-aperture
space telescopes, Qu et al. [18] employed a topology optimization method with multiple
objectives to achieve the goal of maximizing structural stiffness, combined with parametric
optimization. By designing the layout of reinforced ribs and selecting appropriate size
parameters, the root mean square (RMS) value of the mirror surface was ultimately reduced
to 3.58 nanometers. Chen et al. [19] reconstructed the layout and thickness of reinforced
ribs using topology and size optimization, to minimize the ribs” weight. Wang et al. [20]
established an optimization model by setting the normal acceleration of a specific region as
the topology optimization objective. The layout of the ribs was reconstructed, and different
optimal layouts were obtained based on different excitation conditions. Niu et al. [21]
proposed an integrated approach that combined the topology of damping layers and the
layout of stiffeners, achieving the goal of reducing the vibration of thin-walled reinforced
structures in dynamic environments.

The above papers are compared with the research in this paper, as shown in Table 1.

To address the issues of thermal deformation during the in-orbit operation of the
parabolic cylindrical reflector antenna of MICAP and the lack of a theoretical foundation
for the selection of reinforced rib dimensions, this study proposes a comprehensive design
approach integrating both topology optimization and parametric analysis. The primary
objective of this research was to demonstrate the superiority of the optimized layout
and dimensions of the reinforced ribs based on the topology optimization results, and to
elucidate the impact of the reinforced ribs” height and thickness on the root mean square
(RMS) of the reflector surface’s deformation displacement.
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Table 1. Literature research.

Literature Research Gate

Reflector antenna simulations through varying the number and height of the

(] reinforced ribs, no parametric analysis for the thickness of reinforced ribs
[13] Reflector antenna, no optimization and parametric analysis for reinforced ribs
Primary mirror topology optimization with the objective of the minimization of
[17] the overall structural flexibility, size optimization for height, no analysis for the
thickness of reinforced ribs
Used topology and size optimization to obtain the rib layout and thickness, no
[19] . . .
analysis for the height of the ribs
[20] Used topology optimization to obtain the rib layout, no analysis for rib height and
thickness
This study Reflector antenna, uses topology optimization to obtain the layout of reinforced

ribs, parametric analysis on thickness and height of reinforced ribs

The remaining sections of this paper are organized as follows: In Section 2, we estab-
lish a theoretical model for the temperature field and external heat flux of the antenna in
orbit and conduct simulation calculations. The lowest temperature of the antenna under
extreme in-orbit conditions is obtained as the thermal excitation input for finite element
thermal distortion analyses. Finite element thermal distortion analyses are then conducted
on the antenna with the originally designed reinforced ribs based on empirical methods, as
well as the antenna without reinforced ribs. In Section 3, the antenna undergoes topology
optimization, parametric analysis, model reconstruction, and RMS comparison. Topol-
ogy optimization’s objective is minimizing the maximum thermal deformation within a
designed region, and the response constraint is the volume fraction. Parametric analysis
focuses on the height and thickness of reinforced ribs. The layout and dimensions of the
reinforced ribs were reconstructed based on the topology optimization and parametric
analysis. The influence pattern of the height and thickness on the RMS of the reflector
surface was also obtained. After calculating the RMS of the reflector surface with the
optimized reinforced ribs, RMS comparisons were made between the reflector surfaces
without reinforced ribs, the original design reinforced ribs based on empirical methods,
and the optimized reinforced ribs.

2. Finite Element Analysis of the Original Structure
2.1. Introduction of the Reflector Antenna

MICAP is a package of active and passive microwave instruments including an L-band
scatterometer and L/C/K band radiometers. The scatterometer and radiometers share the
parabolic cylinder reflector antenna with linear array feeds.

The dimensions of the parabolic cylindrical reflector antenna’s generatrix were de-
signed as illustrated in Figure 1.

As shown in Figure 1, the equation of the parabola is x> = 4 x F x Z, where the focal
distance F equals 1500 mm. Then, selecting two lines that are 5.72 degrees and 92.79 degrees
from the z-axis, respectively, and that intersect with the parabola, the parabola between the
two intersection points is the generatrix of the parabolic cylindrical reflector surfaces.

A structural concept diagram of the parabolic cylindrical antenna is shown in Figure 2.
The overall structure consists of three reflector surfaces, two sets of side hinge mechanisms,
one set of root hinge mechanisms, and one set of feed source compartment structures.
The overall connection relationship is as follows: the left and right reflector surfaces are
connected to the central reflector surface through the side hinge mechanisms, and the
central reflector surface is connected to the feed source compartment through the root
hinge mechanism.
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Figure 1. The dimensions of the generatrix.
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Figure 2. Structural concept diagram of the parabolic cylindrical antenna.

The size of a single reflector surface is 1.91 x 3.5 m, and the final overall size after
deployment in orbit is 5.6 x 3.5 m. Through preliminary analysis, it was determined
that due to the larger size of the antenna reflector surface, its influence on RMS would be
significantly higher than the feed source compartment. Therefore, the subsequent finite
element analysis, topology optimization, parametric analysis, and RMS calculations only
focus on the antenna reflector surface.

2.2. Theoretical Model and Simulations of Temperature Field and External Heat Flow in Orbit

The main types of heat transfer for the antenna during in-orbit operation are thermal
radiation and heat conduction, and the equations for thermal radiation and heat conduction
are as follows:

Qrad = €Ay T 1)
oT

x = —ka (2)
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where Q,, represents the radiation heat of the antenna. ¢ is the emissivity of the antenna,
whose value is less than 1. A represents the surface area of the antenna, measured in square

meters. 0y is the Stefan-Boltzmann constant, its value equals 5.67 x 1078 W/ (mZ-K*‘l). T

denotes the absolute temperature of the blackbody, measured in Kelvin.

When calculating the heat flux density, it needs to specify the direction of temperature
change. Equation (2) takes the x-direction as an example. g, represents the heat flux density
in the x-direction, measured in W/m?. k is the thermal conductivity, measured in W/m-K.
% represents the temperature gradient in the x-direction, with units in K/m.

The thermal equilibrium relationship during the in-orbit operation of the antenna can
be expressed as

Q1+ Q2+ Q3+ Qs=0Q5+ Qs 3)

where Q) is the heat absorbed by the antenna from solar irradiation. Q is the heat absorbed
by the antenna from Earth’s reflected radiation. Q3 is the heat absorbed by the antenna
from Earth’s infrared radiation. Q4 is the heat generated by the antenna during in-orbit
operation. Qs is the heat radiated by the antenna into outer space. Qg is the change in
internal energy of the antenna. The thermal equilibrium of the satellite in orbit is shown in
Figure 3.

Qs heat radiated by the antenna into outer space

Q, Earth's reflected radiation

)

Qs Earth's
infrared

radiation
Q, Solar irradiation

Figure 3. Schematic diagram of satellite thermal equilibrium.

Equation (3) considers the satellite as a whole, representing the overall thermal equi-
librium relationship. When this is discretized, there are temperature differences between
different nodes, which lead to heat conduction and thermal radiation between nodes. The
equation of the thermal balance for discretized nodes can be obtained as in [22]:

dT] i al 4 4
mjcj—y = Qexternal_j +q; + Y Ej(Tk = Tj)+)_ Gy (Tk —Tj ) (4)
k=1 k=1

where subscripts j and k represent grid nodes, m is mass, c is the heat capacity of the
antenna material, T is temperature, and ¢ is time. Qeyternqr is the rate of external heat flux. g
is the power of the internal heat source in the antenna. Ey; and Gy; represent the linear heat
transfer coefficient and radiation coefficient between node j and node k.

Therefore, the left side of the equation represents the rate of change in internal energy
for node j of the antenna. On the right side of the equation, Qexteruar_j is the rate of external
heat flux heating at node j, and g; is the self-generated heating power of the antenna at

nodej. y_ II{\]:lEk]- (T — T;) represents the sum of all heat conduction rates flowing into node

j, while ) ,I(\]:lej (Tk4 - Tj4> denotes the sum of all radiation heat transfer rates flowing
into node j.
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In this study, Equation (4) is considered a periodic transient equation, which means
that the external heat flux is a periodic variable over cycles. This is defined as follows:

Qexternal,j(t + TO) = Qexternul,j(t) ©)

The magnitude of external heat flux, such as solar radiation, depends on the angle
between the sun and the satellite’s orbital plane. ¢g, serving as an indicator describing the
sun’s position, is obtained through calculations based on the date used to determine the
sun’s location:

Date — DateQ
= ————— x 360 6
¢s 36525 ©
sin = cosi-sin I-sin @g + sin i-sin ()-cos ¢g — sin i-cos I-cos ()-sin @s (7)

Equation (6) [22] describes the solar position using the ecliptic longitude ¢s, where
Date represents the calculation date, and Date0 represents the vernal equinox date. In
Equation (7) [22], B represents the angle between the sun and the orbital plane, I represent
the inclination of the celestial body’s orbit relative to the ecliptic. () represents the right
ascension of the ascending node of the sun, and i represents the orbital inclination.

B servs as a primary determinant of the illumination conditions for different surfaces
of the satellite. Based on the satellite’s orbital parameters, a simulation was performed of
the external heat flux reaching the satellite from various directions when considering the
maximum and minimum values of the beta angle, which are shown in Figures 4 and 5.

1400 T T
1200

= 1000 - 7

W

External Heat Flow

T 1 1
a 1000 2000 3000 4000 5000 6000
Time-sec

Figure 4. The external heat flux curves at the minimum value of the beta angle.
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Figure 5. The external heat flux curves at the maximum value of the beta angle.

As shown in Figure 6, +x represents the direction of the antenna’s in-orbit flight, +z is
the direction toward the Earth, and +y is the rear direction exposed to solar radiation.



Appl. Sci. 2024, 14, 1385 7of 19

+1 The rear direction exposed to solar radiation

Figure 6. The flight coordinate system during in-orbit operation.

The external heat flow in Figures 4 and 5 is the sum of solar irradiation, Earth’s
reflected radiation, and Earth’s infrared radiation. Because the —y surface is the sun-
illuminated surface, the magnitude of the external heat flux reaching the —y surface should
be the greatest among the six directions. This is confirmed in both Figures 4 and 5.

As for the measurement points, based on the previous simulations, extreme temper-
atures will occur at the upper ends of the three reflector surfaces, and nine temperature
measurement points were set, as shown in Figure 7a and corresponding to a discrete grid,
as illustrated in the Figure 7b:

e System

(@) (b)
Figure 7. (a) Setting the measuring points; (b) setting measuring points of the discrete grid.

Based on the external heat flux data in orbit, the temperature variation over time
for temperature measurement points on the antenna reflector surface under extreme low-
temperature conditions could be obtained, as shown in Figure 8.

Figure 8 shows the temperature variation of the temperature measurement points over
time. As shown in Figure 8, the temperature variation of the measuring points over time
followed a regular pattern. This aligns with our assumption of the external heat flux being
a periodic function. It can be observed that during the in-orbit operation of the antenna,
the lowest temperature under extreme low-temperature conditions is —113.65 °C.
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Figure 8. Temperature variation curve of the measuring points over time.

2.3. Finite Element Thermal Analysis of the Original Structure

This model is subject to three constraint conditions: the connection between the
left and right reflector surfaces and the central reflector surface through the side hinge
mechanisms, and the bolt fixation between the base and the feed source compartment.
The central position of the side hinge mechanism is located at the midpoint of the x-axis
projection of the reflector surfaces, with lengths extending 100 mm along both the +x and
—x directions. Therefore, RBE2 was used to equivalent the side hinge mechanisms and the
bolt fixation. Fixed constraints conditions were set at the center of the bolts. Shell elements
were used to model the reflector surfaces and the original reinforced ribs, as illustrated in
Figures 9 and 10.

The equation for thermal expansion of the antenna in orbit is as follows:

AV =V xa x AT 8)

where AV is the volume increase due to thermal expansion. V; is the original volume of
the antenna. a is the volume expansion coefficient with units of °C~1. AT represents the
change in temperature.



Appl. Sci. 2024, 14,1385 90f19

Figure 9. Finite element model of the antenna reflector (front view).

Figure 10. Finite element model of the antenna reflector (back view).

The reflector and base of the antenna both adopt a honeycomb sandwich panel struc-
ture. The core of the honeycomb sandwich panel is made of aluminum honeycomb. The
skin is symmetrically layered with 4 layers of M40JB/cyanate ester carbon fiber, with a sin-
gle layer thickness of 0.1 mm. To ensure polarization of electrical performance, the surface
layer has a layering pattern of —45°/90°/45°/0°. The specific parameters are detailed in
Table 2, and a sample of the honeycomb sandwich structure is shown as Figure 11:
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Table 2. Relevant parameters of composite materials.

Young’s . , . . Therm.al Thermal Heat
Modulus Poisson’s Ratio Density Expansion Conductivity Capacity
Coefficient
Honeycomb 1927.85 MPa 0.33 2530 kg/m® 1.8 x 107/°C 32W/mK 67897 /kg-K

Sandwich Panel

T

Figure 11. Sample of honeycomb sandwich structure.

Based on the simulation calculations in Section 2.2, it was determined that during the
in-orbit operation of the antenna, the lowest temperature experienced would be —113.65 °C.
Therefore, applying a temperature excitation of —113.65 °C to the reflector surfaces with
the original reinforced ribs layout (height of 80 mm, thickness of 20 mm) and the surfaces
without reinforced ribs, a deformation contour map of the reflector was obtained, as shown
in Figures 12 and 13.

1:1

Contour Plot
Subcase 1 (loadstep1): Static Analysis : Frame 0

Displacement(Mag)

Analysis system
1013

[ 9.042x10%
7952x 107

— 6862¢10"
5.771x 10"
4.681% 107
3591x 10+
2501 10"
1411x 10"
3.206x 10

]

Max =1.013
Girds 44,527
Min = 3.206 x 10
Girds 60,403

Figure 12. Thermal deformation contour plot of the antenna with the original layout of reinforced ribs.

From Figure 12, it can be observed that the deformations were relatively small near the
fixed constraints. As the distance from the constraint points increased, the deformations
gradually became larger. The maximum deformation occurred at the upper end of the
central reflector plate, with a maximum deformation value of 1.013 mm.
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Contour Plot
Displacement(Mag)
Analysis system

1247
[ 1110
9.724x 10"

— 835310
6981x 10
5.610x 10
4238x 107
2866 107
1.495% 10

ol 1229x102

Iso >1.229 x 102
Max = 1.247
Girds 75,319
Min =1.229 x 10
Girds 62,841

1:1
Subcase 1 (loadstep1) : Static Analysis : Frame 0

Figure 13. Thermal deformation contour plot of the antenna without reinforced ribs.

Compared to the reflector surface with reinforced ribs in Figure 12, the deformation
trend of the reflector surface without reinforced ribs shows differences. For the left reflector
surface, the lower-left corner region experienced a larger deformation compared to the
upper-left corner region. Similarly, for the right reflector surface, the lower-right corner
region exhibited a larger deformation compared to the upper-right corner region. This
trend differed from that observed in Figure 12. The maximum deformation still occurred
at the upper end of the central reflector surface, with a maximum deformation value of
1.247 mm.

In the in-orbit operation of the parabolic reflector antenna, the antenna surface un-
dergoes deformation under various loads, resulting in displacements at each node on the
reflector surface. This leads to deviation of the reflector surface from the smooth curvature
envisioned during theoretical design, as illustrated in Figure 14. Root mean square (RMS),
as a parameter describing the actual extent of reflector deformation, is one of the crucial
indicators influencing the antenna’s electrical performance. Its definition is as follows:

1 2
RMS =/ & N7l ©)
where r,, represents the displacement value of the respective nodes under the corresponding

conditions.

ro =\ (K — 22+ (W — y) + (2 — 20) (10)

Extracting node information from the models of Figures 12 and 13, the RMS of the
antenna reflector surface was calculated using Equation (9). The RMS under the original
reinforced rib layout was determined to be 0.6025 mm, while the RMS in the absence of
reinforced ribs was 0.6774 mm. The optimization ratio of the RMS of the antenna surface for
the original reinforced layout compared to the antenna without reinforced ribs was 11.1%.
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3

|
% = Theoretical design
surface

Figure 14. Conceptual diagram of the deformation of the parabolic antenna.

3. Topology Optimization and Parametric Analysis
3.1. Topology Optimization Mathematical Model

This study employs the solid isotropic material with penalization (SIMP) model for
topology optimization calculations. In this approach, the ‘element density’ of each element
in the designed region of the finite element model serves as the design variable. The
element density takes continuous values between 0 and 1. After the optimization process,
an element density value of 1 or close to 1 indicates that the material at that element’s
position is crucial and should be retained in the design. Conversely, an element density
value of 0 or close to 0 signifies that the material at that element’s position is not essential
and can be removed, thus achieving efficient material utilization. The selection of the SIMP
method involves choosing porous materials during the original material selection, with a
theoretical model as follows:

Ei = (1= (00)") Euin + (01)"Eo an

where E; is the interpolated elastic modulus, p; is the relative density value of the element (a
numerical value between 0 and 1, where 0 represents a void at that element, and 1 represents
the presence of material at that element), E,;;;,, is the elastic modulus of the porous portion,
P denotes the penalty factor, and E is the elastic modulus of the solid portion.

This study chose the maximum thermal deformation in each iteration as the optimiza-
tion objective, aiming for displacement minimization. The specific mathematical model is
as follows:

o= (01,0203 .,0n]" (12)
Objective = minmax(f(p)) (13)
o) = <Dlsr;1 (p1) Dispy(p2) Disps(ps) Dlspn(pn)> (14)
1 2 r3 Tn
Disp, = v/ (¥ — %)+ (vh — ) + (21 — 2’ (15)
noooy
s.t. M < Vfraction 0< Pi <1 (16)

Yo
where Equation (12) is the optimization objective equation, aiming at minimizing the
displacement of the maximum thermal deformation within the design area in each iteration
calculation. Equation (13) is the objective function, which is the absolute value of the
displacement of all nodes within the optimization target area. r;, is the reference value for
the response, determined based on the response type. Regarding this setting, r,, equals 1,
which means f(p) is the displacements of all nodes on the reflector surface. Equation (14)
represents the absolute value of the displacement for the nth node. In Equation (15), V,action
is the volume fraction of the region requiring the design of reinforced ribs relative to the
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original reflector surface volume. Upper or lower limits can be independently set, and for
this optimization, an upper limit of 0.3 was imposed.

Topology optimization calculations can be performed using finite element method

software. Many commercial software packages such as Hypermesh, Ansys, Creo, etc., can
perform optimization calculations based on mathematical models and settings, achieving
topology optimization objectives and enabling further parametric analysis. This study
chose Hypermesh and Optistruct to carry out the optimization calculations.

3.2. Topology Optimization Settings

1.
2.

Design variable: Unit density of all the nodes on the three reflector surfaces;
Establish responses: The total displacement of all the nodes on the reflector surfaces,
the volume fraction of the reinforced ribs relative to the volume of the reflector
surfaces;

Basic and total thickness: The basic thickness equals 20 mm, which is the thickness of
the reflector surface, the total thickness equals to 40 mm. The difference between the
total and basic thickness is the height of the reinforced ribs;

Response constraint and boundary constraint condition: Upper value was 0.3 for the
volume fraction, the centers of the two bolts were set as fixed constraints;

Objective: The maximum thermal deformation among design variables, which means
the maximum value of the total displacement of the nodes;

Minimum and maximum member sizes: The minimum member size refers to the
allowable minimum scale in regions with a unit density of 1 in the optimization results.
The minimum member size must be greater than two times the average size of the
elements. The maximum member size constraint indicates that the dimensions in all
directions in regions with a unit density of 1 in the optimization results cannot all
exceed this size. The maximum member size must be greater than twice the minimum
member size. For this setting, the minimum member size equaled 40 mm and the
maximum member size equaled 80 mm.

3.3. Topology Optimization Process and Reconstruction of the Layout of Reinforced Ribs

After 21 iterations, the maximum displacement variation within the designed region

was as illustrated in Figure 15. The absolute values of displacements for all nodes within
the optimized design region were consistently below 0.82 mm:

Optimization

Objective - Value
1.02

——— Objective - Value

1.00

0.98

0.96

0.86

0.84

0.82

0.80
0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 225

Iteration

Figure 15. Optimization process curve.

The topology optimization results are illustrated in Figure 16. The overall principle of

the reinforced rib design is to preserve regions with high unit density during the design
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process, while discarding regions with densities close to or equal to zero. The specific
design process for the reinforced ribs is as follows:

( Feature extraction for high-density regions: High-density regions are identified,
primarily concentrated in the central and lower regions of the intermediate reflector surface.
Based on the trends in high-density regions, slant and vertical reinforced ribs are extracted.

@ Design of moderate-density regions: For regions with moderate density, designing
is conducted considering the deformation characteristics of the reflector surface without
reinforced ribs. For the medium density areas of 1-6 on the left and right reflector surfaces,
the deformation in areas 1 and 4 was significant, and cross reinforcement ribs were used.
Regions 2 and 5 were compared to regions 1 and 4, and the deformation was smaller, so
horizontal and vertical ribs were adopted. Due to the position close to fixed constraints and
a deformation approaching zero, only transverse ribs were designed in regions 3 and 6.

Contour Plot 1:1

Element Densities(Density) Design : Iteration 21 : Frame 22
1.000

[ 8889 x 10
7.778 x 101

. 6.667 x 10"

~ 5.556x 10!

~ 4444 x107

3.333 x 101
2222 x 101
1.111 x 10
2.136 x 107

Max =1.000

2D 28,249

Min =2.136 x 1077
2D 33,996

Figure 16. Topology optimization result.

The resulting layout for the reinforced ribs is depicted in Figure 17.

Figure 17. Layout of reconstructed reinforcing ribs.

3.4. Parametric Analysis

Once the layout of the reinforced ribs had been determined, the selection of the
dimensions of the reinforced ribs also determined their effectiveness in reducing the RMS
of the reflector surface. In existing designs, the choice of the height and thickness of
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the reinforced ribs largely relied on the designer’s experience. Moreover, there has been
a scarcity of research on the impact patterns of these two parameters on the RMS of
the reflector surface. If the influence patterns of the height and thickness of reinforced
ribs, which are made of composite materials, on the RMS of the reflector surface can be
determined, this would not only provide suitable design parameters for the reinforced ribs
but also offer a valuable reference for future engineering designs.

Due to the distance constraints between the antenna and the entire satellite, along with
the weight requirements, the height of the reinforced ribs needed to be controlled within
the range of 30 mm to 120 mm. The thickness had to be constrained within the range of
20 mm to 35 mm.

First, the effect of varying the reinforced rib height on the RMS of the reflector surface
was simulated. The variation in the reinforced ribs” height at thicknesses of 20 mm, 25 mm,
30 mm, and 35 mm was simulated. Simulation calculations for the reflector RMS of the
reflector surface at intervals of 5 mm were performed, ranging from a height of 30 mm
to 120 mm. The characteristic curves were obtained, as shown in Figure 18, depicting the
change in the RMS of the reflector surface with varying back reinforced rib heights for
specific rib thickness conditions.

RMS-Height
0.585 — T T

0.58 —

RMS of the Reflector-mm

0555 | | | J
40 50 60 70 80 90 100 110 120

Height-mm

Figure 18. RMS of the reflector surface at thicknesses of 20, 25, 30, and 35 mm.

From Figure 18, it can be observed that, under the four thickness conditions, the RMS
of the reflector surface did not linearly decrease with the increase in reinforced rib height.
In the height range of 40 mm to 55 mm for reinforced ribs, the RMS of the reflector surface
decreased with the increase in height for all four thicknesses. This range is referred to as the
reduction interval of RMS for the reflector surface. In the height range of 55 mm to 65 mm
for reinforced ribs, under the 20 mm thickness condition, the RMS of the reflector surface
showed a relatively flat trend within this interval, while for the other three thicknesses, the
RMS increased with the height of the reinforced ribs. Additionally, the slope relationships
changed, with the 35 mm curve having the steepest slope, followed by 30 mm, and lastly,
25 mm. This range was identified as the turning point interval of the RMS of the reflector
surface. In the height range of 65 mm to 120 mm for reinforced ribs, the RMS of the reflector
surface linearly increased with the increase in back reinforced rib height. This range was
identified as the growth interval of the RMS for the reflector surface.

Next, simulations were conducted to investigate the influence of the reinforced rib
thickness on the RMS of the reflector surface. Heights were selected from the reduction
interval, turning point interval, and growth interval: 40 mm, 45 mm, 50 mm, 65 mm, 80 mm,
100 mm, and 120 mm. The influence of thickness on the RMS of the reflector surface was
simulated at different reinforced rib heights. Thickness varied from 20 mm to 35 mm, with
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calculations conducted at 1 mm intervals. The obtained patterns of the RMS of the reflector
surface variation with reinforced rib thickness are illustrated in Figures 19-21.
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Figure 19. RMS of the reflector surface at heights of 40, 45, and 50 mm.
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Figure 20. RMS of the reflector surface at a height of 65 mm.

It can be observed that the RMS of the reflector surface effectively decreased with
the increase in reinforced rib thickness at different heights within the reduction interval
(40 mm, 45 mm, and 50 mm). For the turning point interval, specifically at a back reinforced
rib height of 65 mm, the RMS of the reflector surface showed no significant increase or
decrease with the increase in the thickness of the reinforced rib. In the growth interval
(80 mm, 100 mm, and 120 mm), the RMS of the reflector surface gradually increased with
the augmentation of back reinforced rib thickness.

In the reduction interval, both the height and thickness of the reinforced rib had a
positive influence on the RMS of the reflector surface. Indicating that reducing the RMS
could be achieved by increasing the height and thickness of the reinforced rib. However, in
the turning point interval, their influence was not significant, as there was no clear trend of
increase or decrease. In the growth interval, both the height and thickness of the reinforced
rib negatively influenced the RMS of the reflector surface. Compared with the other interval
parameters, increasing the height and thickness of the reinforced rib in this interval not
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only increased the volume and weight of the reinforced rib but also increased the RMS of
the reflector surface. This deviates from the original intentions of the reinforced rib design.
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Figure 21. RMS of the reflector surface at heights of 80, 100, and 120 mm.

Considering various engineering factors, including weight, the final decision was to
set the height of the reinforced rib at 55 mm and the thickness at 30 mm. Applying the
same temperature excitation as in Section 2.3, the deformation contour of the reflector was
as illustrated in Figure 22.

1:1

Subcase 1 (loadstep1) : Static Analysis : Frame 0

Figure 22. Deformation contour map of the antenna with the new layout and dimensions of rein-

forced ribs.

The information of the reflector nodes of the model in Figure 22 was extracted
and, through Equation (9), it was calculated that the RMS of the optimized surface was

0.5561 mm.
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The optimized ratios of the reconstructed model to the model under the original
reinforced rib layout and without reinforced ribs are shown in Table 3:

Table 3. Summary of the results comparison.

RMS without Reinforced RMS with Original Back RMS after the Reconstruction of

Ribs Reinforced Rib Layout the Back Reinforced Rib Layout
(Case 1) (Case 2) (Case 3)

The volume of reinforced ribs. / 0.129417 m® 0.128966 m>

RMS 0.6774 mm 0.6025 mm 0.5561 mm

Optimized ratio

7.7% (Compared to Case 2)

/ 11.1% (Compared to Case 1) 17.9% (Compared to Case 1)

References

4. Conclusions

At present, the design of reinforced rib layouts and dimensions for parabolic cylin-
drical reflector antennas is an area worthy of attention. Many existing designs relied on
the engineering experience of designers, lacking a theoretical foundation. Moreover, there
is a scarcity of studies investigating the impact of reinforced rib parameters on the RMS
of the reflector surface. In this study, focusing on the parabolic cylindrical reflector an-
tenna of MICAP, we proposed a design approach that combines topology optimization
and parametric analysis. Based on the optimization results, a new layout for the reinforced
ribs was designed and a parametric analysis was conducted on the new layout of the
reinforced ribs. By obtaining suitable height and thickness values, we also elucidated the
impact patterns of these two parameters on the RMS of the antenna’s reflector surface
under the new layout. Using simulated thermal excitations from orbital external heat flux
and antenna temperature fields, finite element thermal distortion analyses were performed
on the different models, comparing the RMS of the antenna’s reflector surface before and
after optimization. In comparison to the original reinforced rib design, the optimized RMS
was reduced by 7.7%, without additional volume. When compared to the reflector surface
without reinforced ribs, the optimization resulted in a reduction of 17.9% in RMS.

However, the influence of height and thickness on the RMS of the reflector surface
antenna was limited to a specific layout. Subsequent efforts should focus on generalizing
these patterns, to enhance their broader significance.
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