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Abstract

Solar energy is a sustainable and widely available resource with
minimal environmental impact and low maintenance requirements.
Ensuring the structural integrity of photovoltaic (PV) module
supports is crucial for safe and efficient operation. This study
utilizes FreeCAD™, an open-source software with Finite Element
Analysis (FEA) capabilities, to evaluate the deformation and stress
distribution in a solar-powered charging station structure. Two
thickness variations (3 mm and 1.5 mm) of hollow carbon steel
supports were analyzed under identical loading conditions. Results
indicate that reducing the thickness from 3 mm to 1.5 mm increased
deformation by 69.81% (from 0.53 mm to 0.9 mm) and stress by
96.93%, both remaining within acceptable structural tolerance
limits. These findings validate FreeCAD as a cost-effective
alternative to commercial Finite Element Anaysis (FEA) software,
leveraging open-source libraries like Python™, Calculix™, and
Open Cascade Technology (OCCT) to perform complex
simulations without expensive licenses or high-end hardware.
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1 Introduction

Solar energy is one of the most accessible forms of renewable
energy, as it primarily requires sunlight and heat from the sun. It is
characterized by near-zero pollution and minimal environmental
impact, and it is relatively easy to maintain. When installing a solar
Photo Voltaic (PV) module, it is crucial to adequately consider the
structural safety of both the modules and their support systems. The
supports for PV systems are commonly subjected to mechanical
pressure loading due to the static weight of the PV panels, which
can significantly affect the overall stability of the PV structures.

To ensure that the modules and their supporting structures meet
qualification requirements, various mechanical loading tests can be
conducted. These tests can help determine the fatigue degradation
of the structure through cyclic deformation analysis. Understanding
the load capacity of the structure is essential for ensuring its
durability and reliability.

While there are multiple software tools available for analyzing
structural loads on 3D parametric Com[puter Aided Design (CAD)
objects, such as ANSYS™, FreeCAD™ is recognized for its
smaller file size and powerful capabilities for conducting specific
deformation and stress analyses. Additionally, its open-source
nature encourages design and analysis without the financial
constraints associated with proprietary software.

FreeCAD™ is a general-purpose Open-Source Software (OSS)
directly aimed at mechanical engineering and product design and

can be used for other purposes such as architecture, finite element
analysis, 3D printing, and other tasks. FreeCAD™ makes heavy use
of open-source libraries that exist in scientific computing such as
Python™, Calculix™, and Open Cascade Technology (OCCT); the
workflow in Fig. 1. [9][10][11]
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Fig. 1. Freecad Workbenches Workflow

Finite Element Analysis (FEA) is a computational method
employed to solve complex mathematical Equations for simulating
real-world engineering problems under specific boundary
conditions. This analysis yields parameters that can inform the
modeling of structural objects. FEA relies heavily on subdividing
the model into numerous nodes and elements, with the approximate
solution being constructed through weighted residual methods and
mathematical techniques.[12][13][14] The FreeCAD™ FEM
Workbench is utilized to conduct the FEA based on the provided
model. The workflow of this analysis is illustrated in Fig. 2.[15][16]
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Fig. 2. FEM workbench workflow

FreeCAD™ uses Calculix as the calculation model, which is
more accurate in solving complex parametrical FEA calculation
than ANSY'S and ABAQUS™ on a few applications, this is caused
by the material properties is further analyzed inside the calculation.
[19]-[29]

A comparative method is used to compare the material
specification in different thicknesses, this is done to determine the
amount of deformation that can occur in different thicknesses to
find the most ideal specification that can withstand the load given
by the PV.

Thickness comparison is a method of Least Annual Cost (LAC)
to determine the safety of the chosen item while preserving its
economic value. Deformation analysis is the study of the safety of
a component made by a material based on the amount of
deformation caused by a specific load given to the component. By
comparing the thickness based on the used material's physical
parameters and the load given to the model, the most cost-efficient
material thickness can be determined based on the deformation
conducted using FEA analysis.

2 Method

Modelling and deformation evaluation. The modelling phase
was crucial for defining the dimensions, thickness, and material
properties of the structure, as detailed in Subtopic A. Subsequently,
the CAD model was analyzed using Calculix™ to assess its safety
based on the observed deformations, as discussed in Subtopic B.
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2.1 Solar powered charging station modeling

Two different thicknesses were picked to compare the amount
of deformation that can occur in the structure. The structure
technical drawing in Fig. 3, with a design specification (Table 1).
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Fig. 3. Charging Station Technical Drawing

Table 1. PV Charging station specification

Material Dimension
Hollow Steel (CS) 100 x 100 (mm)
Hollow Steel (CS) 100 x 50 (mm)

Thickness (A) 3 (mm)
Thickness (B) 1.5 (mm)

The charging station structure is modelized into a computer-
aided design (CAD) model using FreeCAD™ PartDesign
Workbench and Draft Workbench based on the technical drawing
dimension above. The model in Fig. 4 and Fig. 5.

Fig. 4. Charging station structure CAD model

CalculiX™-Steel is used for the material, the material data are
based on the standard steel material for CalculiX™ sample
calculations 1998 in Table 2. [16]. CalculiX™-Steel is used for the
material, the material data are based on the standard steel material
for CalculiX™ sample calculations 1998 in Table 2 [16]. Based
Table 2. the allowable stress can be determined Eq. (1). [17]

Table 2. CalculiX-Steel Physical parameters

pTable 2. CalculiX-Steel physical parameters

Material Properties Values (units)

Elastic Modulus 210 (GPa)
Yield Strenght 500 MPa
Density 7900 (kg/m3)
Poisson’s ratio 0.3
Thermal Conductivity 43 (WIm/K)
Expansion Coefficient 12 (um/m/K)
Safety Factor 1.75

Material Properties Values (units)

Elastic Modulus 210 (GPa)
Yield Strenght 500 MPa
Density 7900 (kg/m3)
Poisson’s ratio 0.3
Thermal Conductivity 43 (WIm/K)
Expansion Coefficient 12 (um/m/K)
Safety Factor 1.75

Fig. 5. Hollow steel thickness design

Yield Strenght

Allowable Stress = W (1)

Which resulted in an allowable stress of 285.71 MPa. This result
is then compared with the von misses stress result from the FEA to
determine if the model is acceptable or not based on the allowable
stress that the material can withstand.

2.2 Structure Deformation Analysis

To determine its deformation and displacement, the nodes
(initial shape coordinate) must be set as a boundary in which the
model can deform, The FEMMeshNetgen™ tool is used as the
meshing option of the structure. The numbers of elements in Fig. 6,
and Table 3.

Fig. 6. Charging station structure mesh

The boundary condition is set based on Table 4 and the load
condition is set based on Table 5. Both boundary and load
conditions in Fig. 7. The boundary condition is taken from the
structural fixed foundation which in Fig. 8 and Fig. 9. The load
given to the structure is the weight of the PV which in Fig. 10.

Table 3. Netgen Element Result

Fem Mesh Values (units)
Nodes 146731
Edges 7517
Faces 41812

Polygons 0
Volumes 78821
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Fig. 7. Boundary and load condition

The boundary condition is set by the given parameter.

1. Fixed support of the Charging Station Structure. The fixed
support is set in geometry faces in which the geometry is static
(foundation).

Fig. 8. Structure fixed support

Fig. 9. Structure thermal condition

2. Charging Station Structure Thermal Condition. The structure
will be put outside with an ambient temperature of 40° C, this is
why the thermal condition is set 40° C. While the load condition
is taken from this Eq.

3. Force load given to the structure (N). The force load given to
the structure is obtained from the weight of the PV using the Eq.
(2).[17], [18]

F =ma
kgf (N) =kgxF (2

The load is given in this face to simulate the load given by the
weight of the PV and the railing Equipment (95 kg)

Fig. 10. Structure load given

The boundary condition value and structure load are needed to
determine the amount of deformation in the model which value in
Table 4. and Table 5.

Table 4. Structure Boundary Condition Given
Boundary Condition Values (units)
Fixed support 4 (Faces)
Thermal condition 40° (°C)

Table 5. Structure Load Condition Given
Load Condition
Force load (-Y Axis)

Values (units)
931.95 (N)

The boundary and load condition is applied to both structures
with different thicknesses, one with the thickness of 3 mm and one
with the thickness of 1,5 mm which in Table 6. The deformation of
the model based on its thickness can be used as a LAC model to
make the model as cost-efficient as possible.

Table 6. Structure Thickness Condition Given

Material Values (units)

Thickness (A) 3 (mm)
Thickness (B) 1.5 (mm)

The displacement increases can be analyzed using Eq. (3) to
represents the percentage difference in deformation relative to the
material thickness. Deformation percentage difference Eq. 3,

Fig. 11. CalculiX™ CcX Solver Tab

(Max Condition High — Max Condition Low)
|Max Condition Low|

X100 (3)

Based on the boundary condition and load condition given on
the structure, the simulation then can be done by choosing the
desired analysis settings within the FEM Workbench.

The method chosen in this analysis was the CalculiX™ CcX™
Solver tool, with choosing the elasticity Eg. and the deformation
Equation. Fig. 11. Shows the solution tab chosen on the software.
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3 Results and discussion
3.1 FEM Workbench simulation result

When running the simulation using FreeCAD™ versus other
simulation software, the histogram can be seen which indicate the
number of nodes affected by the stress or the deformation on the
given magnitude.

After running the FreeCAD™ simulation based on the analysis
chosen within the boundary condition and load condition given on
the charging station structure, the result in Figs. 12-17.

3.1.1 Total deformation

The total deformation of the charging station structure based on
the given parameters in Table 7 and Table 8. With the deformation
magnitude in Fig. 13 and Fig. 15. The structure deformation
heatmap in Fig. 12 and Fig. 14.
Table 7. Thickness A Total Deformation Result

Deformation Values (units)

Maximum 0.53 mm
Minimum 0 mm

Fig. 12. Structure (A) total deformation
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Fig. 13. Deformation Magnitude Histogram

Table 8. Thickness B total deformation Result
Deformation Values (units)
Maximum 0.9 mm
Minimum 0 mm

Fig. 14. Structure (B) total deformation
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Fig. 15. Deformation magnitude histogram

3.1.2 Equivalent stress (Von Mises stress)

The maximum stress taken by the charging station structure
based on the given parameters in Table 9 and Table 10. Green
indicator on the structure shows that the structure is safe to use, in
Fig. 16 and 17 with a von Mises stress result in Table 9 and Table
10.

Table 9. Structure (A) equivalent stress result
von Mises stress Values (units)
Maximum 77.31 (MPa)
Minimum 0 (MPa)

Fig. 16. Structure (A) Equivalent Stress

Table 10. Structure (B) equivalent stress result
Von Mises stress Values (units)
Maximum 152.68 (MPa)
Minimum 0 (MPa)

Fig. 17. Structure (B) equivalent stress
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3.2 Displacement Analyzation Result

Based on the result above, the maximum deformation in each
thickness of the charging station structure with the given load and
boundary condition on Table 11 and the Equivalent stress (Von
Mises stress) in Table 12.

Table 11. Structure Total Deformation
Max Deformation
Structure (A)
Structure (B)

Values (units)
0.53 mm
0.9 mm

Table 12. Structure Equivalent Stress
Max von Mises stress  Values (units)
Structure (A) 77.31 (MPa)
Structure (B) 152.68 (MPa)

Maximum allowable stress

285.71 (MPa)

The increase in deformation can be calculated using Eg. (3),
which represents the percentage difference in deformation relative
to the material thickness.

Based on the equations. above, reducing the thickness from
Structure A, which has a thickness of 3 mm, to Structure B, which
has a thickness of 1.5 mm, resulted in a 69.81% increase in total
deformation. Additionally, there was a 96.93% increase in the stress
experienced by the structure.

Both structures are deemed safe for use. This conclusion is
based on the maximum allowable stress that steel can withstand
before sustaining damage. Given a yield strength of 500 MPa and a
safety factor of 1.75, the allowable stress is calculated to be 285.71
MPa. This value is lower than the maximum von Mises stress for
Structure A (77.31 MPa) and Structure B (152.68 MPa). Therefore,
both structures are within the allowable limits, indicating sufficient
structural integrity under the applied loading conditions.

While the stress results indicate that the deformed structures are
suitable for further use, this analysis does not account for other
factors such as wear and deformation due to corrosion.

Based on the result above, Structure B is deemed fit as the model
thickness in a real-world application, this result indicates the
material can achieve optimal performance under the given load and
boundary conditions while also staying cost-efficient, helping to
determine the LAC, ensuring both cost-effective while also reliable
in real-world application.

4 Conclusion

This study modelled and analysed the structural deformation of
a solar-powered charging station using FreeCAD’s™ FEA tools.
Simulation showed that reducing material thickness from 3 mm to
1.5 mm resulted in a 69.81% increase in deformation and a 96.93%
increase in stress. Despite these changes, both configurations
remained within acceptable stress tolerance limits, confirming the
feasibility of using the thinner material under controlled conditions.
Commercial software like ANSYS offers similar structural analysis
capabilities, meanwhile, FreeCAD™ presents a viable open-source
alternative, providing powerful FEA functionality through Python,
Calculix™, and OCCT. Its cost-effectiveness, accessibility, and
low hardware requirements make it a practical solution for
structural analysis and deformation modelling.
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