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Abstract: The progression of research in concentration photovoltaic systems parallels
the advancement of high-efficiency multi-junction solar cells. To translate the theoretical
optical framework into practical experimentation, a modular and structurally validated
mechanical configuration for a high-concentration photovoltaic (HCPV) system was de-
veloped, incorporating boundary conditions and ensuring full system integration. The
system incorporates a modular mechanical architecture, allowing flexible integration and
interchangeability of optical components for experimental configurations. The architecture
offers a high degree of mechanical flexibility, providing each optical stage with multiple
linear and angular adjustment capabilities to support precision alignment. To ensure track-
ing precision, the system was coupled with a three-dimensional sun tracker capable of
withstanding torques up to 60 Nm and supporting a combined payload of 80 kg, including
counterbalance. The integration necessitated implementation of a counterbalance mech-
anism along with comprehensive static load analysis to ensure alignment stability and
mechanical resilience. A reinforced triangular support structure, fabricated from stainless
steel, was validated through simulation to maintain deformation below 0.1 mm under stress
levels reaching 5 MN/m?, confirming its mechanical robustness and reliability. Windage
analysis confirmed that the tracker could safely operate at 15 m/s wind speed for tilt angles
of 35° (counter-clockwise) and —5° (clockwise), while operation at a 80° (counter-clockwise)
tilt is safe up to 12 m/s, ensuring compliance with local environmental conditions. Over-
all, the validated system demonstrates structural resilience and modularity, supporting
experimental deployment and future scalability.

Keywords: high-concentration photovoltaic; optics; sun tracker; counterbalance; simulation

1. Introduction

In recent years, concentrated photovoltaic (CPV) systems have been well studied
and investigated for energy production. Common concentrating systems are based on
either curved surfaces, such as a parabolic dish or parabolic trough, or a Fresnel flat mirror.
CPV systems are fabricated to a certain extent to achieve a required optical concentration
ratio (Cg) classified as low (Cg < 10 suns), medium (10 suns < Cg < 100 suns), high
(100 suns < Cg < 2000 suns), or ultrahigh (Cr > 2000 suns) [1]. Cg is a measure of the
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collimated solar energy on the targeted receiver relatively to the total surface area of the
aperture, accounting for the optical losses in the ray trajectory path.

Achieving high optical concentration ratios typically requires either a parabolic dish
with a maximized surface area [2,3] or a compact design based on either a Cassegrain
design or a Fresnel design [4,5]. However, maximizing the primary optic for a parabolic
dish challenges the design by adding the weight, the required tracking accuracy and energy
load, the minimized acceptance angle, and the optical performance surface relying on
the surface’s smoothness and flatness [6,7]. A few attempts toward optimizing the high
concentration ratio have been conducted experimentally, but not based on the Fresnel lens
design [8]. Although a concentrating compact design reduces the load on the tracking
system, the compact design is challenged by its low optical efficiency, complex system
tolerance, and alignment, as well as the impact of high thermal stress.

Given the substantial heat flux produced by the focused sunlight, a cooling mechanism
capable of sustaining low temperatures on the solar cell is essential. To guarantee maximum
electrical productivity and avoid severe thermal deterioration, this is crucial [9]. Since
passive thermal sinks are frequently inconvenient in compact multi-stage concentrator
systems, active cooling mechanisms that transfer energy to a heat transfer fluid are used
instead. Additionally, this makes it possible to retrieve waste heat for later uses, convert-
ing the entire system into a hybrid concentration photovoltaic thermal system (CPV/T).
Converging microchannels could be used to lessen heat accumulation [10-14]. A HCPV
module’s capability to endure wear and tear brought on by operating workloads and
climatic conditions makes structural issues extremely relevant [15]. To improve thermal
control and lower energy losses, designs that incorporate insulated metal support structures
have been investigated. These arrangements reduce possible sources of breakdown and
increase overall module durability by improving the removal of heat [16].

To attain the highest optical concentration, solar irradiance, and solar cell efficiency, a
sun-tracking instrument with high accuracy is crucial to operating a CPV system based
on either a point- or line-focal system. Although a sun tracker is a solution to increase
power production when the sun is not within the range of the system acceptance angle,
the parasitic energy losses of the sun tracker need to be carefully considered along with
the sun tracker’s payload capacity. The sun tracker payload capacity, which is the total
weight of the CPV system and the counterbalance, plus the pointing accuracy, are two
important factors that must be considered in the CPV system configuration when utilizing
a commercial off-the-shelf sun tracker. Several methods of tracking systems are thoroughly
discussed in the literature, from manufacturing all the way to control strategies for different
solar systems [17-21]. As a result, there is a direct proportional correlation between the
level of the concentration ratio and required accuracy for the sun tracker systems.

From the covered literature, it can be deduced that the advancements in HCPV systems
have demonstrated significant strides in optical efficiency, but mechanical and structural
aspects remain critical to achieving sustained performance under dynamic environmental
conditions. Studies such as [22] highlighted that most commercial HCPV systems face
challenges related to tracker misalignment under wind loads and thermal expansion effects.
Moreover, systems such as those developed by [4,23] focus primarily on optical concen-
tration but overlook mechanical modularity and robustness. The present study is part of
a broader research framework aimed at developing a high-performance, compact HCPV
system using commercially available components and customized mechanical structures
that can break through the record of the effective high optical concentration levels. The
current study would contribute to the overall objectives. This work builds upon a series of
theoretical and empirical analyses conducted to validate the mechanical integrity, optical
performance, and thermal management of a HCPV system, contributing original insights
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into its structural and experimental feasibility. The optical, thermal, and electrical analyses
have been rigorously accomplished to fill any gaps in the literature and extend the signifi-
cance of the addition to the field of High Solar Concentration Photovoltaic technologies.
In our previously published paper, the main focus was to define the optimum optical
setup within the system, allowing room to test the Fresnel lens with the receiver, to test
the Fresnel lens with the secondary optics and the receiver (instead of the third optical
stage), and to test the setup with three optical stages, including the Fresnel lens, secondary
optic, and third optic, and then gathering the concentrated energy in a focal point at the
receiver [24]. The optical analysis of the complete system operation, using an array of
four Fresnel lenses and a solar cell dimension of 5.5 mm x 5.5 mm, demonstrated the
highest effective concentration ratio achieved experimentally so far, reaching 1291 suns [25].
The collected experimental data showed that the prototyped high-concentration photo-
voltaic system generated an effective concentration 27% higher than the latest development
presented in the literature [4]. To determine whether an adequate dissipation system
can be effectively integrated, a detailed thermal analysis is essential. A numerical and
experimental study has been conducted. A novel simulation model to provide an in-depth
understanding of the functionality of a concentrated photovoltaic thermal hybrid system
with serpentine-based cooling systems has been developed [26]. The simulated results
have been validated through indoor experimentation. The effectiveness of cooling was
evaluated through the maximum thermal stresses generated in the multi-junction solar
cell. The double serpentine design was deemed the highest performing, primarily be-
cause of the single serpentine’s excessive pressure drop. Copper as the heat sink material
yielded superior performance because of its higher thermal conductivity. The maximum
total exergetic efficiency achieved by the receiver was ~10.9% with this configuration. All
serpentine-based cooling systems could maintain the recommended operating temperature
below 110 °C. To further optimize the performance of the HCPV system, a four-domed
optic bonded directly with an AZUR SPACE (3C44A) (AZUR SPACE Solar Power GmbH,
Heilbronn, Germany) 5.5 mm x 5.5 mm multi-junction solar cell (40.5% @ 1000 suns) was
developed and experimentally tested, enhancing the homogenization of rays and maximiz-
ing the acceptance angle of the high-concentration photovoltaic system [27]. In the present
study, the structural configuration was exclusively tested and optimized through the sim-
ulation and experimental setup, with a focus on modularity, load resistance, and system
adaptability. The system integrates reinforced mechanical framing with optimized load
distribution and precise angular adjustment features, facilitating interchangeable optical
stage configurations. The modular architecture emphasizes mechanical flexibility [28] to
accommodate future upgrades or optical configuration changes [29]. The system demon-
strates superior structural performance, with a high load-bearing capacity and minimal
deformation under elevated stress conditions. The use of commercially available stainless-
steel components and modular fabrication techniques contribute to long-term operational
efficiency without sacrificing mechanical durability. Windage analysis and counterbalance
performance exceed the benchmarks reported in comparable studies, confirming system
resilience under realistic environmental forces. Compared to the conventional 42 x 42 cm
solar panels, the modular high-concentration photovoltaic (HCPV) system offers clear
advantages, achieving an effective optical concentration ratio of up to 1291 suns and en-
abling higher power density at the receiver using a high-efficiency multi-junction solar
cell. Its scalable mechanical architecture supports adaptability in various experimental
and deployment scenarios, while active cooling integration ensures thermal stability and
prevents degradation of solar cells. Collectively, these validated features demonstrate
the system’s structural robustness, modular configuration, and readiness for field deploy-
ment. The structural design also considers compatibility with thermal sink architectures for
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CPV/T integration, as explored in our previous work [26]. This continuity ensures that the
mechanical and thermal domains are cohesively developed. The novelty of this work lies
in the structural modularity that accommodates multiple optical configurations, enabling
experimental reconfiguration without requiring complete system redesign, a flexibility
absent in most existing CPV systems.

This paper presents the structural configuration, fabrication process, and experimental
deployment readiness of a compact HCPV prototype system prepared for outdoor testing at
Penryn Campus, University of Exeter. The study outlines the system’s mechanical boundary
conditions, followed by optical simulations to determine the optimum positioning of
the Fresnel lens and subsequent optical elements within the system frame. The optical
stages are described in terms of their functional roles and alignment flexibility. Material
selection is based on the use of commercially available components with minimal machining
requirements to ensure ease of assembly and scalability. A detailed description of the
selected sun tracker is included, highlighting its payload capacity and tracking precision.
The interlink mechanical structure (beam assembly), developed to support both the HCPV
system and counterbalance the mass of the tracker, is subjected to numerical static load and
wind impact analysis. The structure of the paper is organized as follows: Section 2 presents
the structural configuration and system overview. Section 3 presents the optical subsystem.
Section 4 discusses the materials selection criteria. Section 5 elaborates on the sun-tracking
system and its capabilities. Section 6 provides the results and analysis. Finally, Section 7
concludes the study with key findings.

2. Structural Configuration and System Overview

The high-concentration photovoltaic (HCPV) system was developed through a struc-
tured implementation framework that accounts for interdependencies among three key
components: the optical module, sun tracker, and supporting mechanical structure. Initial
boundary conditions were defined to ensure mechanical compatibility, optical alignment
flexibility, and load-bearing robustness. These conditions include the following:

i. The framework is based on four pieces of Fresnel focal point lenses—Silicon on

Glass (SOG).

ii.  Fresnel focal points are the settled input.

iii. The framework is based on one central third stage and/or receiver.

iv.  The framework can work with three and/or four optical interfaces.

v.  All secondary optical stages are mechanically adjustable, offering a broad range of
degrees of freedom.

vi.  Reflective surfaces in the secondary and third stages are interchangeable, with diame-
ters of 10, 15, and 20 cm and thicknesses ranging from 4 to 6 mm.

vii. The HCPV system is configured for testing with a sun tracker capable of supporting
the system and counterbalance weights.

The system’s central structural layout follows a diamond-shaped configuration, with
four triangular sections extending from its core. This configuration was implemented to
maintain a clear optical path and avoid any mechanical obstructions that could interfere
with concentrated light transmission. The complete HCPV prototype is shown in both
CAD model views and actual assembly photographs in Figure 1. Figure 1a,b illustrates
the structural model generated in SOLIDWORKS, while Figure 1c,d shows the actual
assembled system. The support structure was fabricated using 20 x 20 mm aluminum
strut profiles with 6 mm slots, selected for their lightweight properties and minimal beam
deflection under load. The system includes eight vertical struts (500 mm each), twelve
horizontal struts forming the triangle bases (210 mm each), and two extended horizontal
struts (324 mm each) supporting the third-stage optics and receiver. This modular structural
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C.

arrangement ensures mechanical stability while supporting the precise alignment of optical
components for system testing.

Fresnel Lens

Third
Reflective ~1
Mirror

Secondary
Mirror

Figure 1. Structural configuration of the modular HCPV system: (a) asymmetric view of the system
model, (b) top view of the system model, (c) actual prototype during assembly (asymmetric view),
and (d) side view of the assembled system.

3. Optical Stages

Concentrating light into high factors requires a system with a high degree of freedom
to allow correctness and high accuracy of directing and redirecting concentrated light—the
focal length. To set up the accuracy of the optics in terms of distances between the primary
stage optic (Fresnel lens) and the subsequent optics and angles of the secondary optics,
optical simulation in the COMSOL Multiphysics software (Version 6.2) was carried out,
reaching the maximum Cg with countless trials of distance refinement to reach the optimum
adjustment of optics, as shown in Figure 2.

Ray tracing simulations in COMSOL were used to determine optimal distances and
angles for each optical stage, refining tolerances within +1.5 mm for lateral placement and

2 receiver.

£2° for angular orientation to ensure convergence at the 5.5 mm

The optimum distance between the Fresnel lens and secondary optic is 24 cm, the
optimum distance between the Fresnel and third optic stage is 16 cm, the defined gap
between the third optic and the receiver is 2.5 cm, and the angular orientation of the

secondary optic is 35 degrees, as illustrated for % of the HCPV in Figure 3. Afterward, the



Machines 2025, 13, 468 6 of 20

linear correlation between the short circuit current (Is.) and the direct solar irradiance (DNI)
is the experimental measure through which the minimum adjustment and alignment will
be carried out to assure the maximum value of Iq.

ns
A 167

Fresnel Lens 1.6

1.4

1.2

Tertiary reflective [ {1
Optic
0.8

Final Stage 0.6

Xy 0.4
< 9,
Yo o 73 0.2

Figure 2. Ray trajectories.

Fresnel Lens ————
Square shape side Kﬁ A
length of 21cm
The distance is
The distance is 16 cm from the
Fresnel

24 cm from the
Fresnel
Third mirror size

Secondary mirror % diameters of 20,
size diameters of — 8 15,10cm
20, 15,10 cm \

The gap between the
third mirror and the
receiveris 2.5 cm

Receiver diameter of 10 cm

Figure 3. Optical setup and optimum adjustment of the optics position based on numerical analysis.

3.1. Secondary Optical Stage

The secondary mirror frame redirects concentrated light from the Fresnel lens to the
third-stage reflective mirror, enabling multi-stage optical focusing, Figure 4. The assembly
supports three degrees of freedom for experimental alignment. First, the secondary mirror
is adjustable vertically from the center of the mirror to the center of the Fresnel lens, which
can travel as close as 10 cm to the Fresnel and as far as 35 cm. Second, it can be adjusted
angularly between 0 and 70°. Last, the entire frame base has a yaw angle of +5°. The
secondary mirror frame is equipped with three thumb nuts, an intermediate between the
aluminum strut and the secondary mirror mount, travelling along the vertical strut utilizing
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two inside brackets of 6 mm per thumb nut. Every % of the system is built on one apex
node and two twin-apex nodes to be linked with neighboring quarters.

d.

mirror to the Fresnel Surface

100mm to 350mm from the centre of

Yaw angle +5° degrees

Figure 4. Experimental configuration of one-quarter of the HCPV system: (a) secondary mirror frame
assembly, (b) thumb nut vertical adjuster, (c) fully assembled secondary mirror stage, (d) CAD model
of % of the system, and (e) yaw rotation axis of the secondary mirror frame.

3.2. Third Optical Stage

The third-stage reflector aggregates light from all four secondary mirrors and features
multi-axis adjustability to support accurate convergence onto the receiver. The mirror is
mounted to a horizontal strut and is vertically adjustable via thumb nuts for precision
focusing. This stage incorporates five degrees of freedom to enable precise control over
optical beam convergence. The third stage allows vertical adjustment with a similar range
as the secondary stage, as in Figure 5a, and horizontally in latitude and longitude distances
between +40 mm and £15 mm from its center, respectively, as in Figure 5b. Additionally,
the base of the third reflective mirror has roll and pitch angular tunings of +5° from its
center, as in Figure 5c,d. Figure 5e shows the physical implementation corresponding to the
adjustments shown in Figure 5b. The third stage can function either as a reflective optical
stage or be removed to allow direct coupling of the receiver. This flexibility was included
to support configurations targeting high concentration using four optical stages.

A comparative analysis of different optical stages of the system is shown in Table 1.
The observed trend clearly shows a reduction in efficiency with each additional optical
stage. Based on this trend and preliminary simulations, we expect the optical efficiency
of a 4-stage configuration to be further reduced and reach 22%. This comparison has now
been added to the revised manuscript to address this important point. A dedicated Zemax
analysis will be conducted in future iterations.
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100 mm 350 mm from the center of the

mirror to the Fresnel surface

Central mirror longitude
distance +15mm

Central Mirror Latitude distance -400mm to 400mm

C. d.

f_/ii

Illustration of Central Mirror Roll Illustration of Central Mirror Pitch
Degree +5° Degree +5°

Figure 5. Adjustment features of the third-stage reflector for % of the HCPV system: (a) vertical
motion range, (b) lateral translation (latitude and longitude), (c) roll control, (d) pitch tuning, and
(e) actual mirror-mounted third-stage configuration.

Table 1. Comparative analysis of different optical stages of the system.

Optical Stage Optical Efficiency (%)
Fresnel lens 91.11
Fresnel lens + secondary stage optic 73.33

Fresnel lens + secondary stage optic +

tertiary optic 59.07

3.3. Receiver Stage

The receiver stage, aligned with the third optic, provides three degrees of freedom
for focal alignment and heat sink scaling. Two of these are similar to the latitude and
longitude movements in the third stage, as in Figure 6b,c, and the last one is a vertical
transfer becoming close to 7.5 cm to the third stage and as far as 44 cm, as in Figure 6a,e.
The mounting platform accommodates interchangeable thermal sinks for various heat
dissipation configurations based on the optical concentration levels. A protective heat
shield was integrated to prevent thermal damage to mechanical elements in case of optical
misalignment, exposing only the active cell area to concentrated rays, as seen in Figure 6d.

Uniform intensity across the 5.5 mm? cell area is crucial. While initial tests indicate
homogeneity, future setups will use a movable pinhole mask to map irradiance distribution
and optimize optical alignment accordingly.
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Receiver stage Latitude distance -400mm to
400mm from O center

Central mirror longitude

distance +15mm from Omm center

440 mm 75 mm from the center of
the receiver to the Fresnel surface

d . Open Window for solar cell

Heat Shield

Figure 6. Receiver stage of the HCPV system: (a) vertical motion capability, (b) latitude and longitude
translations, (c) actual receiver base photo, (d) thermal protection shield, and (e) integrated receiver
configuration within the full HCPV prototype.

4. Materials Selection

All the interior brackets of 6 mm are made of zinc-plated steel. Both aluminum
strut profiles, 20 x 20 mm, and interior brackets are sourced as off-the-shelf components
from the KJN Aluminum Profiles company (Leicester, UK) [30]. The warm shield, central
reflect outline, central reflect mount plate, auxiliary reflect fragment, pinnacle hub, twin-
apex hub, and auxiliary reflect mount were fabricated from aluminum (AL5083) and
manufactured using laser cutting by Laser Exactness Cutting Company (Birmingham,
UK) [31]. All fasteners and mechanical fittings are obtained from RS Components Ltd.
(Corby, UK) [32]. Erosion inhibitors (ULTRA Tef-Gel), essential for stainless-steel screws to
aluminum strings, were applied, as the system is intended for outdoor operation, where
this gel offers waterproof grease with anti-corrosion and anti-seize properties and does not
break down in salt water or detergents.

The primary optical components, the SOG-Fresnel lenses, were manufactured by
Orafol Fresnel Optics [33]. The Fresnel lens is made of un-tempered low-iron glass of a
working distance ~ 45 m, clear aperture of 21 x 21 cm?, and glass plate dimensions of
23 cm x 23 cm x 4.0 mm. For the secondary and third stage optics, the tempered low-
iron glass and Pilkington mirror were produced and coated by Cornwall Glass Company
(Cornwall, UK) [34]. The manufactured glass was a circular mirror of 5 cm, 10 cm, and
15 cm diameter with a thickness of 6 mm. The tempered low-iron glass for the secondary
and third stage mirrors was coated with a high-reflectivity film. All components were
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selected and assembled to ensure structural integrity and optical performance for outdoor
experimental testing under high-concentration conditions.

5. Sun Tracker: Aspects and Limitations

The high concentration necessitates a high-precision tracking system to achieve a very
small focused solar spot with minimal dispersion at the focus. The optical performance
stability depends on numerous variables, one of which is the tracking system accuracy. The
sunlight divergence angle of +0.265° induces a slight acceptance angle where a sun tracker
with a comparable pointing precision ought to capture all the incoming solar radiation.
Other factors, such as environmental disturbances and structural flexing, also influence
tracking precision, often necessitating a wider acceptance angle than the solar divergence
angle to maintain optical alignment.

Two sun tracker models fabricated by Kipp & Zonen (Delft, The Netherlands) were
explored for integration with the HCPV system for continuous three-dimensional following.
First, the SOLYS2 sun tracker was chosen for this investigation, where SOLYS2 offers flexible
mounting options permitting a wide range of radiometers to be mounted, as appears in
Figure 7a. The SOLYS2 sun tracker has both wire and Ethernet ports for communication and
information procurement, including data acquisition, to allocate the sun position. While
the SOLYS2 sun tracker was initially considered, due to its payload of 20 kg, the HCPV
framework can only be 10 kg, and a balance weight of 10 kg must be added to ensure
system stability and tracking accuracy. As a result, the SOLYS Gear Drive (GD) by Kipp
& Zonen was chosen rather than the SOLYS2. The SOLYES (GD) is better suited because
it retains all the features of the SOLYS2; additionally, its payload of 80 kg is greater, and
it has a torque of 60 N.m, precisely indicating the sun during higher windage and worse
climate conditions. The SOLYS GD can be introduced on the same cast aluminum SOLYS2
tripod. Nevertheless, if the full weight of the tracker and the associated HCPV system
and radiometers is over 50 kg and/or there is huge windage, a heavy-duty tripod floor
stand fitted with a height expansion tube is proposed by the producer to be utilized, as in
Figure 7b. Table 2 presents a comparative overview of the key specifications of the two sun

trackers considered.

b.

U
EAST

Figure 7. (a) SOLYS2 sun tracker with tripod setup; (b) top view of the recommended heavy-duty
floor stand [35].
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Table 2. The sun trackers’ specifications comparison [36].

Sun Tracker Model SOLYS2 SOLYS Gear Drive (GD)
oL . <0.1° (passive) <0.1° (passive)
Pointing/tracking accuracy <0.02° (active) <0.02° (active)
Torque 20 Nm 60 Nm
Payload (counterbalance) 20 kg 80 kg
System weight 28 kg (sun tracker with tripod) 26 kg (only sun tracker)
. Not included (tripod of SOLYS2 can be
Tripod Included used with a limit (no more than 50 kg))
Transmission system Inverted tooth belts High-precision reduction gear

6. Results and Analysis
6.1. Interlink Mechanical Structure—Beam Analysis

To connect the high-concentration photovoltaic (HCPV) system to the sun tracker,
two tubular beams are used to support the system and its counterbalance on opposite
sides. These weights represent the HCPV assembly and its counterbalancing mass. The
selected arms are hollow square tubes of 20 mm x 20 mm x 1.5 mm, made of stainless-steel
grade 316. A straight tubular beam configuration was initially considered for simplicity. A
static load analysis was conducted to validate the beam’s suitability under the expected
loading conditions. The static simulation confirmed that the resulting stress levels, under
applied system and counterbalance weights, remained below the material yield strength.
Importantly, the resulting deformation was below 0.01 mm, ensuring alignment accuracy
and mechanical stability. The tube geometry is illustrated in Figure 8a, where the scaled-up
stress distribution and deformation distribution results are shown in Figure 8b,c, respec-
tively. The principle of moments was applied to determine the appropriate arm lengths
needed to balance the HCPV system and counterweight. This helped to define the arm
length with the corresponding applied mass. The simulation results present the maximum
stress and deformation for a 6.5 kg applied mass on each side, with the analysis conducted
on a single beam.

The tube beam was evaluated for an applied mass ranging from 0.5 kg to 10 kg
in increments of 0.5 kg. The red crossline in the plots indicates the reference points
corresponding to each applied mass. The resulting maximum deformation ranged from
0.2 mm to 4.9 mm, depending on the applied mass. The maximum stress value ranged
between 3.7% and 73%. These results are fully illustrated in Figure 9.

The previous configuration produced a deformation of 3.2 mm, leading to unaccept-
able optical misalignment. Therefore, the structure was reconfigured to reinforce the
tube beam and improve stiffness. Reinforcement was implemented by adding a diagonal
tube beam, forming a triangular geometry to enhance structural rigidity. The geometric
configuration is shown in Figure 10a. Static load analysis was repeated on the modified con-
figuration using the same applied masses. Figure 10b,c shows the stress and deformation
distribution, respectively.



Machines 2025, 13, 468

12 of 20

a.

£90.00

450.00

120.00

450.00

Model name:stress beam 20x20x1.5 analysis_1st of March

Study name:Static 3(-Default<As Machined>-)
Plot type: Upper bound axial and bending Stress1
Deformation scale: 41.187

Global value: 0to 4.78079e+07 N/m~2

r— =

|i|

Fixed
geometry

Applied mass

Model name:stress beam 20x20x1.5 analysis_1st of March

Study name:Static 3(-Default<As Machined»-)
Plot type: Static displacement Displacerment1
Deformation scale: 41.187

Global value: O to 3.18062 mm

. :

Upper bound axial and bending (N/m*2)
4.781e+07
l 4.382e+07
| 3.984e+07
. 3.586e+07
_ 3.187e+07
| 2.789e+07
2.390e-+07
1.992e+07
| 1.594e+07

. 1.195e+07

7.968e+06
3.984e+06
0.000e+00

— - Yield strength: 1.700e+08

URES

(mm)
3.187e+00

2.916e+00

_ 2.657e+00

_ 2.385e+00

_ 2.120e+00

_ 1.855e+00

1.590e+00

1.325e+00

.. 1.060e+00

. 7.952e-01

5.301e-01

2.657e-01

1.000e-30
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Figure 10. Reinforced interlink beam configuration: (a) updated triangular geometry with added
diagonal support; (b) stress distribution under static loading; (c) deformation contours showing

reduced deflection.

The reinforced tube beam was re-evaluated under an applied mass ranging from 0.5 kg

to 10 kg in increments of 0.5 kg. The red crossline in the plots indicates the reference posi-

tions corresponding to the applied masses. The resulting maximum deformation ranged

from 0.005 mm to 0.1004 mm across the tested load range. The maximum stress value varied
between O.ZSMHZI\—I and 5.04%21\—]. These findings are fully illustrated in Figure 11. The rein-
forced configuration demonstrated a significant improvement in structural performance,

supporting up to 10 kg of applied mass with deformation remaining below 0.1 mm. It

should be noted that while the simulation confirms minimal deformation (<0.1 mm), physi-

cal validation via strain gauges and deflection sensors is planned for the next prototype

deployment phase.
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Figure 11. The stress, force, and deformation at the applied masses for the reinforced interlink
beam. The crossline shows the values at the actual applied system mass and counterbalance of
6.5 kg/each side.

The geometry of the stabilizing structure, specifically the reinforced triangular beam
configuration, was derived through iterative structural simulations combined with the
principle of moments. The primary design objective was to minimize deformation under
the applied load of 6.5 kg on both the HCPV assembly and counterweight sides while
maintaining a compact and modular profile. A diagonal stainless-steel tube was introduced
between the midpoint of the main beam and the lower support junction, forming a rigid
triangular section. This diagonal placement was optimized to reduce beam deflection by
over 96%, bringing the deformation from 3.2 mm down to 0.1 mm under load. The selection
of the tube length (460 mm) and angle (~45° to the horizontal axis) was based on balancing
torque resistance, ease of assembly, and alignment compatibility with the sun tracker
mount. The finalized geometry ensures high structural stiffness without compromising the
system’s transportability or modular integration.

Although diagonal reinforcement is a known method, its modular integration with the
optical assembly while maintaining alignment tolerances under field conditions contributes
to practical system robustness and ease of deployment.

6.2. System Component Integration and Spatial Consideration

The high-concentration photovoltaic (HCPV) system, counterbalance arm, and mass
were integrated with the sun tracker and spatially modeled for deployment. This inte-
gration was conducted to assess the spatial footprint required for full system operation,
considering the azimuthal rotation and solar elevation. Figure 12a,b presents the full system
model and angular motion envelope. The sun tracker rotates a lap when it is powered up,
starting with 270° to the left and then another 270° to the right to take off from a home
position. To accommodate the full range of motion, a minimum clearance of 2 m in diameter
and 2 m in height is required for safe operation of the HCPV system with the sun tracker.
This spatial requirement is met by the installation site located on the north light roof of
the Environmental and Sustainability Institute (ESI), Penryn Campus, University of Exeter.
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The HCPV system is mounted via the reinforced tube beam, with the alignment configured
to position the system’s center of mass 250 mm above the top surface of the Fresnel lens.

b.

i
A5

Figure 12. The integration of the counterbalance arm, counterbalance weight, and HCPV system to
the sun tracker, where (a) is the 3D model of the full system assembly and (b) is the full actual system,
outdoor and ready for testing.

6.3. Impact of Wind Load

Wind load is a critical factor in ensuring that the system is not subjected to excessive or
destabilizing forces. Wind-induced forces may cause system overturning or generate torque
levels exceeding the sun tracker’s rated capacity of 60 N-m. The system is mechanically
anchored to a fixed base, eliminating the risk of overturning under normal operating
conditions. However, torque generation must be evaluated across all axes (x, y, and z) and
at various orientation angles. According to World Weather Online, peak wind speeds at
Penryn Campus have reached up to 54 km/h (15 m/s), which serves as a reference point
for simulation limits. Torque values were analyzed for all axes, and the operational limit
was determined by the first constraint reached—either the sun tracker’s torque capacity or
the local maximum wind speed. To simulate a worst-case aerodynamic profile, the HCPV
system was modeled as a solid block, ensuring that all operating conditions remain within
safety margins.

A 3D flow simulation was conducted to evaluate wind effects on the full system
assembly. The CFD simulation was conducted using SOLIDWORKS Flow Simulation,
with a primary focus on evaluating the maximum wind-induced torque and drag force to
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ensure alignment stability and structural integrity under extreme conditions. The mesh
was generated using a Cartesian mesh with local refinement in high-gradient regions.
The default turbulence model (k—¢) was used, which is suitable for external flow around
bluff bodies.

The wind load analysis considers two key orientation parameters of the assembly:

e Azimuth angle (0-360°): This angle represents the horizontal orientation of the assem-
bly relative to the wind direction. An azimuth of 0° means the wind strikes the front
face directly, 90° strikes the side, 180° the rear, and 270° the opposite side.

o  FElevation angle (—90° to +90°): This angle represents the vertical tilt of the assembly
relative to the ground. An elevation of 0° indicates a horizontal (flat) position, +90° is
vertical facing upward, and —90° is vertical facing downward.

These angles are illustrated in Figure 13, and all wind load simulations were performed
by varying both angles to represent different possible wind exposure conditions.

(Vertical)

?

90° |(Upward)

|
| [ 0°(Wind reference)

-90° L(Downward)
Y

Azimuth Rotation

Figure 13. Definitions of azimuth and elevation angles used in wind load analysis.

Wind speed was applied from a minimum value of 3 m/s to an extreme level of
22 m/s (this level is characterized as a tropical storm) with an interval of 3 m/s. Torque
direction was determined using the right-hand rule: force in the x-direction induces torque
about the z-axis; force in the y-direction also generates torque about the z-axis; and force
in the z-direction results in torque about the x-axis. Figure 14a—c presents the simulation
results for system orientations at 80° (counter-clockwise), 35° (counter-clockwise), and
—5% (clockwise), respectively. Each plot includes reference lines for the sun tracker torque
limit and the maximum allowable wind speed, with the shaded region indicating safe
outdoor operating conditions. Although this analysis is essential for temporary outdoor
deployment, the experimental setup will be operated exclusively on clear, sunny days in
compliance with the safety protocols at Penryn Campus, University of Exeter.
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Figure 14. Shows the applied wind speed and the resulting force and torque values for the complete
setup at an oriented angle, where (a) is sited at 80° CCW, (b) is sited at 35° CCW, and (c) is sited at
—5° CW.
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7. Conclusions

This study presented a comprehensive structural analysis and system integration of a
modular high-concentration photovoltaic (HCPV) prototype, emphasizing its mechanical
performance and readiness for experimental deployment. The system incorporates a
reinforced beam structure capable of sustaining operational loads up to 10 kg on each
side with a deformation limited to 0.1 mm, as confirmed through static analysis. Windage
simulations under varying azimuth angles and wind speeds demonstrated the system’s
stability, with torque values remaining below the sun tracker’s limit of 60 Nm at a maximum
wind speed of 15 m/s, ensuring reliable outdoor operation. Additionally, the spatial layout
and counterbalance system were optimized to ensure alignment and sun-tracking accuracy,
with a required operating footprint of 2 m in diameter. These quantitative assessments
validate the system’s robustness under realistic environmental and loading conditions. The
modular optical assembly, compatible with various Fresnel lens configurations and heat
sink geometries, allows for future scalability and testing flexibility. This work lays the
groundwork for a second-generation prototype with a reduced height profile (from 55 cm
to 35 cm), while retaining key structural and alignment features. Overall, the findings
highlight a mechanically resilient and experimentally adaptable platform that advances the
deployment readiness of HCPV systems.
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