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ARTICLE INFO ABSTRACT

Keywords: Parabolic dish concentrators have demonstrated the highest thermal and optical efficiencies
Solar energy . among the available concentrator options. This paper proposes a novel design approach for
Compliant parabolic concentrator fabricating large parabolic dish concentrators by employing compliant petals optimized through

Particle swarm optimization-genetic algorithm
Concentrating parabolic dish
Low-cost fabrication

Particle Swarm Optimization-Genetic Algorithm (PSO-GA). The design concept involves using
cables to pull the outer corners of the petals towards the center, resulting in the creation of finely
formed dish mirrors. These mirrors are constructed from thin, optimal-shaped metal petals with
highly reflective surfaces. In addition, an analytical model is presented to optimize the bending
stiffness of the petals by strategically arranging punched holes using PSO-GA. The proposed
design concept is validated through the application of Finite Element Analysis and ray tracing
software, specifically LightTools, as well as laboratory experiments. Based on the demonstration
with a 1m-diameter parabolic dish, it was observed that a receiver surface with a radius of 3.5 cm
could achieve an impressive sunlight collection efficiency of up to 98%. This innovative design
approach offers several advantages, including simplified fabrication and transportation of flat
mirror elements to field sites, which can potentially lead to cost reductions and highly efficient
solar energy solutions.

1. Introduction

Parabolic dish concentrators play a vital role in solar energy systems by reflecting solar radiation onto a receiver located at the focal
point. They are especially crucial for solar thermal generators, where the concentrators are typically mounted on active tracking
systems to follow the sun’s movement [1]. At the receiver, a heat engine collects the concentrated sunlight’s heat for conversion into
electricity or other useable forms of energy. Commonly employed in solar thermal power generation systems are heat engines such as
the Stirling and Brayton cycle engines [2-4]. However, the current construction of parabolic dish concentrators relies on conventional
structures like metal frameworks, resulting in high costs and bulkiness. These factors limit their practicality and deployment [5-7].

Generally, solar dish concentrators approximate a parabolic shape with multiple, spherically shaped mirrors supported by a truss
structure, and other structure accessories are made of steel or aluminum [8]. Examples of these disk-type solar concentrators include
the Australian Wizard Power Company and ANU’s large-scale Big Dish Solar Concentrator [9], the Louisiana Jet Petroleum Company’s
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“Fresnel-like" reflective concentrator (LEC-460) [10], the aluminum foil mirror-based solar collection concept proposed by Bohm Solar
Energy Ltd. in the early 1970s, the 7-m diameter parabolic dish concentrator designed and manufactured by Solar Kinetics Inc. for use
in Sandia, Albuquerque, the 15.6-m diameter parabolic dish concentrator designed for the “Concentrator-Stirling" joint venture project
led by CPG and designed by Wilkinson, Goldberg and Associates (WGA), and the ZED Solar-powered Victus disk concentrator
(designed by AEDesign) [2,3,8,11-13]. The use of such materials can also make it difficult to transport and install them efficiently in a
cost-effective manner. Therefore, there is a growing need for the development of new and innovative design approaches that can help
address these issues and lead to more cost-effective and efficient solar energy solutions.

Numerical investigations have been conducted to facilitate the design of parabolic dish concentrators. For example, Castellanos
et al. [14] put forward a mathematical model for a solar dish system, which calculates the appropriate angles and characterizes the
solar tracking control system in order to optimize the heat flow. Hafez et al. [15] utilized MATLAB to simulate various designs of
parabolic dish Stirling engines, providing theoretical guidance on important factors such as reflector material, reflector shape, receiver
diameter, aperture area, focal length, concentration ratio, rim angle, and receiver’s aperture area sizing. Ruelas et al. [16] developed a
novel mathematical model for estimating the intercept factor of a Scheffler-type solar concentrator, based on the optical behavior and
geometry of the concentrator in Cartesian coordinates. Azzouzi et al. [17] devised a heat-equation based model to predict the heat flux
and temperature distribution at the focal zone. Pavlovi¢ et al. [18] conducted optical and thermal analyses to determine the optimal
position of the receiver relative to the concentrator, aiming to maximize optical efficiency and improve the flux distribution on the
receiver. Beltran-Chacon et al. [19] simulated a power generation system comprising a dish concentrator and cavity receiver, pro-
posing a control system that influences mechanical performance through the use of a variable dead volume. It can be observed that the
research is primarily focused on optimizing and improving performance parameters of the concentrator and heat flow distribution,
with little emphasis on studying how to reduce processing and installation costs.

An alternative option for designing and fabricating a large parabolic dish concentrator is through the use of thin, optimally-shaped
flat elastic metal plates with highly reflective surfaces, which can be bent to form an exact parabolic shape, with their shape and
thickness optimized based on an analytical model. This design approach avoids conventional metal frameworks, resulting in cost and
weight reductions. It also allows for easier transportation and installation, and provides greater flexibility in terms of size and shape
customization [5-7,20]. In this approach, the petal is made up of discrete layers to customize the thickness and achieve an exact
parabolic shape for fabrication. However, fabrication of larger solar dish concentrators using this approach requires more discrete
layers of petal, which is not conducive to efficient fabrication. To address this, new design strategies must be developed that simplify
the fabrication process. For instance, optimization techniques such as Particle Swarm Optimization-Genetic Algorithm can be used to
determine the optimum spacing and number of layers required for efficient fabrication. This can simplify and streamline fabrication of
larger solar dish concentrators, helping to promote more cost-effective and efficient solar energy solutions.

In this paper, we propose an optimized approach for the fabrication of large and compliant solar concentrating parabolic dishes
using Particle Swarm Optimization-Genetic Algorithm (PSO-GA). Unlike traditional methods, which rely on the use of layers of petals
to adjust the thickness during fabrication, our new approach simplifies the process by equivalentizing the stiffness of a variable-
thickness sheet to that of a thick sheet. Our approach involves using Particle Swarm Optimization-Genetic Algorithm to optimize
the placement and sizes of holes punched into a variable-thickness sheet. The aim is to achieve an optimal shape for the bending of the
sheet into a parabolic form. By punching the holes in specific locations and sizes, we can create the necessary amount of bending
stiffness in the sheet to form an exact parabolic shape when it is bent. This new approach eliminates the need for complex layering of

Solar Parabolic Dish Forming Alternative Equivalent Stiffness Tailoring
by Applied Ending Force By Hole Subtractive Process

Fig. 1. The scheme for the Parabolic Dish Forming. (a) Solar Parabolic Dish Forming by Applied Ending Force, (b) Petal curvature, and (c)
Equivalent Stiffness Tailoring by Hole Subtractive Processing.
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petals, simplifying the fabrication process and reducing costs. To validate the effectiveness of our approach, we conducted Finite
Element Analysis, utilized ray tracing software-LightTools, and conducted laboratory experiments. These tests confirmed that our
concept can effectively simplify the fabrication process of solar concentrating parabolic dishes, resulting in significant cost reductions
while maintaining high optical efficiency. A higher optical efficiency implies that more sunlight is effectively gathered at the desired
optical focal point. Additionally, this new design approach facilitates easier transportation of flat mirror elements to field sites, further
improving the potential for cost reduction and increased optical efficiency in delivering solar energy solutions. This feature is
particularly advantageous in space applications where weight and space restrictions are a significant consideration. Thus, the suc-
cessful validation of our concept highlights its potential for reducing costs and enhancing optical efficiency in delivering solar energy
solutions - especially in space applications.

2. Analytical model
2.1. Parabolic shape bending equations based on Euler-Bernoulli beam theory

The parabolic dish concentrator is defined by various parameters and variables. These include the optimal-shaped thin flat metal
petals, petal width b(x) and b(s) as functions of x or s respectively, dish diameter D, dish depth d, focal area diameter dF, load force F,
focal length f, number of petals N, arc length s, parabolic coordinates x, y, z and rim angle 6. These parameters and variables are shown
in Fig. 1(a).

The equation of a paraboloid can be given as:

2 + 2
=22 ¢))
i
Assuming Euler-Bernoulli beam theory applies, the deflection of the petals is governed by Ref. [8]:
(s
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In the equation provided, M represents the composite bending moment acting on the end of the parabolic concentrator, while E is the

elastic modulus of the material used for the parabolic dish concentrator. I represents the stiffness function of the parabolic dish

concentrator and describes its resistance to bending based on the shape and size of its cross-section. Additionally, ¢ represents the

rotation angle of the parabolic trough concentrator, and « is the curvature of the parabola. These variables are shown in Fig. 1(b).
Here, the curvature of the parabola «(s) is determined by:
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The arc length of a parabola s is defined as follows:
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where, u is the dummy integration variable along the longitudinal direction.
For a rectangular cross-section, the second moment of area, I(s), can also be given by the following equation:
b(s)i(s)’
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where b(s) is the width of the rectangular cross-section, and t(s) is the thickness of the cross-section at an arc length s.
Then, the bending moment M(s) at an arc length s can be expressed as the following Eq. (5), according to Egs. (1)~(4):

M(s)—F(h—&-d—fln(z;-i- 4;22+1> (5)

where, F is the force acting on the end of the petal, h is the height from the parabolic dish edge to the force acting point, d is the dish
depth, and f is the focal length.
Thus, the petal thickness with petal arc length is thereby governed by:

M [RF(d— 24
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Where b is the ideal petal width, and t(s) is the petal thickness with petal length. According to Eq. (6), we can get that a parabolic trough
concentrator can be manufactured by varying the thickness of a petal sheet.
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2.2. Equivalent Stiffness Tailoring by Hole Subtractive Processing

An alternative method for achieving equivalent stiffness between a variable-thickness sheet and a thick sheet is through holes
subtractive processing. This technique can reduce processing difficulty without sacrificing the effective reflective area of the sheet. In
the model, assuming the initial equal thickness of the band sheet is t;, the deviation between the equal thickness and the variable-
thickness thin plate can be derived as follows:

At=1y — 1(s) )
Then, the relationship between force F and arc length s is governed by a functional F(s), shown as:
F(s)=F(At(s)) (8)

By taking the total change of At as a reference, the volume replacement method can be employed to remove an equivalent volume
of material by punching multiple small cylindrical holes in the petal sheet. This method ensures that the principle of minimum total
volume is satisfied. By selecting a suitable force F to perform petal bending and material reduction on the entire compliant petal sheet,
an approximate bending effect can be achieved. The Volume-Equal Thickness Transformation can be determined by the following
equation:

dZ
dt*ds*ds1=ﬂT*to (C)]

wherein: dt is the difference between ty and t(s); ds and ds; are differential calculus in the length and width direction, respectively; d is
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Fig. 2. The Optimization algorithm flowchart for the PSO-GA.
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the diameter of the hole; ¢ is the thickness of uniform petal sheet.
2.3. Particle swarm optimization-genetic algorithm

In order to investigate the distribution of punching holes and the impact of end force on the parabolic forming effect, the Particle
Swarm Optimization-Genetic Algorithm (PSO-GA) has been employed. By utilizing the memory function of the PSO to store all in-
formation on particles, the GA can enable the sharing of information between chromosomes. In turn, this allows the entire population
to undergo gradual evolution towards the optimal population, ultimately leading to the discovery of the optimal solution [21,22].

If the fitness value of the population in the m+1 generation aligns more closely with the target than the fitness value of the m
generation, the change direction of the entire population in the m+2 generation is determined by its relative change direction to the m
generation, using its relative step size as a reference for the search step size. Should the result of the m+2 generation prove to be worse
than that of the m + 1 generation, the result is discarded and the search continues with the aid of information sharing between particles
in the PSO algorithm.

The findings indicate that during the initial stages of the algorithm, PSO outperformed GA with regards to discovering optimal
solutions. However, with an increase in the number of generations, the effectiveness of PSO gradually decreased. Based on the
strengths and weaknesses of both algorithms, the PSO-GA algorithm was modified to optimize its performance. The detailed process
flowchart can be viewed in Fig. 2. The particle swarm algorithm enables the optimization of both the weighted value w and update
speed v. The weighted value w is determined by:

min(l,w,-(t) + (1 —wo) x exp (W) +8>,
i 5.(1) > 0and 5,(t —1) >0
wi(t+1)= wia(t) else (10)

max(O.l,wi(t) —wp X (1 —exp(%)) _5>7

if 6;(t) <0and 6;(t—1) <0

and, &;(t) is defined as follows:

5i(1) = { Lif fit(xi(t + 1)) < fit(best;(t + 1)) an

—1 else

In the process, w; (t+1) is determined by w in (t+1)-generation; wy is the initial given value; x; (t+1) is the variable of (t+1)-generation;
best; (t+1) is the (t+1)-generation fitness optimum.
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Fig. 3. PSO-GA based optimization strategy for parabolic dish concentrator.




L Lietal Heliyon 10 (2024) e26165

3. Optimization-based verification
3.1. PSO-GA Based Optimization Strategy for Parabolic Dish Concentrator

The study focused on achieving parabolic forming through the lamination of two layers of thin plates. The upper layer was designed
to function as a substrate for the reflective film, while the lower layer acted as a supporting rib. By combining the two layers, the entire
compliant thin plate was able to bend in a way that created the desired parabolic shape.

In general, it can be challenging to conduct simulation modeling research on nonlinear deformation. Hence, we utilize the
advanced nonlinear large deformation analysis function in finite element simulation software to create a robust simulation model that
can process and analyze the porous distribution of compliant thin plates. This enables us to investigate the impact of the forming effect
of the compliant sheet.

We employed a method involving software interaction, as depicted in Fig. 3, which utilizes the Fourier function to discretize the
stiffness of the underlying sheet. By leveraging PSO-GA as the core of the optimization algorithm, we were able to investigate the
bending of compliant sheets. To assess the concentrating effect of the entire dish concentrator, the Monte Carlo ray tracing method was
employed to conduct optical simulation of the parabolic dish concentrator unit. Focusing spot results were obtained and an evaluation
function was established for further analysis.

During the simulation optimization process, optical simulation analysis software enables us to obtain the focused image intuitively
and accurately. During this process, focus deviation, the size of the highest temperature region, and the size of other temperature
regions are the primary parameters of interest. Based on the quality of the spotlight image, an objective function can be constructed
[23].

The concentrated image obtained has been processed using the following method, as shown in Fig. 4:

a) Grayscale transformation enhancement: The image is preprocessed to facilitate the extraction of key area information. Important
areas are extracted and separated, then converted into binary images.

b) Image smoothing: Salt and pepper noise and Gaussian filtering technology are applied to further refine the binarized image to an
ideal state.

c) Data statistics: The binarized image is separated into a blue area A1 and a red area A2. Statistical analysis is performed on the pixels
within each area, and the extracted statistical pixel values are denoted as NB and NR, respectively, using 4-connected area image
statistics technology.

d) Extraction of center point data: The extracted NR and statistical functions are used to determine the center position M (%, y).

With the aforementioned image processing method, the blue area A1l and the red area A2 can be separated and the pixels within
each region can be statistically analyzed using the connected area method. This leads to the determination of NB and NR for each
region. Mathematical expressions can then be constructed to perform further analysis and processing.

The focus deviation can be calculated using the following formula:

De=1/(x —x0)° + (v —»0)° 12
The fitness function (Fy) is determined by:

N +c N +c u
"max (N3) = “max (Ng) max (Dp)

Ff =c +can 13)

where, Njp is pixel value in blue area, Ny, is pixel value in red area, 7 is the optical efficiency, and ¢; ~c4 are the weighting coefficients.
Hence, focus radius, focus bias and optical efficiency can be optimized.

Fig. 4. Extracting the focus image of parabolic dish concentrator by light tracing simulation.
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3.2. Optimizing simulation results

A parabolic dish concentrator with a diameter of 1 m and 12 petals has been designed using the practical and cost-effective material
38Si6. The specific parameters are provided in Table 1. The focal length and dish depth of the concentrator are 0.60355 m and 0.10355
m, respectively. Utilizing the PSO-GA based optimization strategy, sunlight can be effectively collected by the absorber, as depicted in
Fig. 5.

The study has shown that changes in the distance between the holes during the optimization simulation process had minimal
impact on the light-gathering efficiency. However, the size of the holes had a significant effect on the light-gathering efficiency. Larger
hole sizes resulted in better light-gathering efficiency. Fig. 5(a) illustrates the distribution of hole sizes and their corresponding light-
gathering efficiencies. Remarkably, a hole size of 6 mm had the highest light-gathering efficiency, achieving 89% (nearly 90%). It is
important to note that if the hole size exceeds a certain limit, it can cause the petal to break during the bending process. Consequently, a
hole size of 6 mm was ultimately selected in the final optimization process to avoid risking petal breakage.

Fig. 5(b) shows the subtractive holes model established using Adina software. The problem assumes large deformation and small
strain, with no plastic deformation, only elastic deformation. For accurate simulation of the actual process, bending angle and
displacement boundary conditions are applied to the model. Discrete points are used to establish elements one by one, forming the
entire shape of the rib. The Gluemsh function is then used to combine the two shell elements for calculation, thereby simulating the
laminated structure in the actual process.

The model in LightTools is depicted in Fig. 5(a) (inset Figure), and the model derived from the finite element results has been
simulated using the Monte Carlo method. Constraints and objective conditions have been determined by:

min Fy
s.t. min(displacement;) < displacement; < max(displacement;)
s.tmin(y;) < width; < max(y;) i=1,2,...m (13)

s.t.min(moment;) < moment; < max(moment;) i =1,2,...m
s.t.min(height;) < height; < max(height;) i =1,2,...m

where, displacement is the boundary condition, y is the width, moment is the torque, and height; is the position of the absorber.

Fig. 5(c) illustrates the optimal petal’s light-collecting ability, which achieves an almost 90% focus efficiency consistent with the
entire parabolic dish concentrator demonstrated in Fig. 5(d). The light-focusing radius is 32 mm, resulting in an impressive con-
centration ratio of up to 270. Typically, dish concentrators’ total concentrating efficiency falls below 95%, making the 90% con-
centration efficiency realized in this study a viable option for practical applications [1,5,11,12,24].

4. Experimental Verification

We conducted a case study to verify the effectiveness of the optimal approach mentioned earlier in this study. During our
experiment, we assembled the concentrator unit using a perforated surface support panel, a shape-optimized support rib, and a 0.1
mm-thick aluminum-coated reflective film, all shown in Fig. 6(a). The assembly process followed a specific method: first, we cleaned
the surface of the support panel, then attached the aluminized reflective film using its back glue, and finally riveted the support panel,
reflective film, and support ribs together. The resulting prototype in Fig. 6(b) has a diameter of 1000 mm and a height of 800 mm. The
compliant parabolic dish concentrator is constructed using a pull rope mechanism in the center, allowing the unit to be transformed
from a flat plate to a parabolic shape as required.

Following the creation of the principle prototype, we conducted a theoretical verification of the compliant parabolic mirror unit by
subjecting it to sunlight and analyzing the actual effect. Based on the theoretical model, a receiver surface with a radius of 3.2 cm was
expected to collect nearly 90% of the sunlight, whereas the actual concentration effect demonstrated that a receiver surface with a
slightly larger radius of 3.5 cm could collect as much as 98% of the sunlight. The excellent concentration performance of the mirror
unit was thereby confirmed, as evidenced in Fig. 6.

Table 1

Designed dish Parameters.
Parameters Value
Diameter D (m) 1
Rim Angle 9 (degree) 10
Focal Length f (m) 0.60355
Dish Depth d (m) 0.10355
Number of Petals (N) 12
Material 38Si6
Young’s Modulus E (Gpa) 210
Poisson’s Ratio 0.30
Petal Sheet Thickness t, (mm) 0.5
Rib Thickness t; (mm) 0.6
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Fig. 6. Experimental Verification. (a) The images of supporting panel, ribs, as well as the concentrator unit fabricated, (b) a case of dish fabricated
with concentrating experiment.

5. Conclusion

In conclusion, this paper presents an optimized approach for the fabrication of large and compliant solar concentrating parabolic
dishes using PSO-GA. The proposed approach offers the flexibility to customize petal thickness during the fabrication process. By
utilizing cables or rods to pull the outer corners towards the center, finely formed dish mirrors can be achieved using optimal-shaped,
thin flat metal petals with highly reflective surfaces. An analytical model is introduced in this study, employing PSO-GA to optimize the
bending stiffness of the petals through a strategically arranged pattern of punched holes. Through extensive analysis using Finite
Element Analysis, ray tracing software (LightTools), and laboratory experiments, the concentration ratio was determined to reach up
to 270. One of the key advantages of this concept is the ease of fabrication and shipping of flat mirror elements to field sites. This aspect
holds the potential for significant cost reductions and the realization of highly efficient solar energy solutions.
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