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ABSTRACT

Photovoltaics can be more efficient by concentrating the sunlight onto multi-junction solar cells. However,
conventional concentrator systems require expensive solar trackers. Recently, the micro-tracking concept,
developed inside the photovoltaic module, has emerged as a way to improve competitiveness by eliminating the
need for an external tracker. This study presents the design and laboratory validation of a proof-of-concept wide-
acceptance-angle tracking integrated micro-concentrator photovoltaic (WiT-CPV) system, featuring a pioneering
azimuthal cell rotation mechanism. This innovation ensures perpendicular alignment with incident solar rays in
the azimuthal axis, enhancing optical efficiency while reducing mechanical complexity compared to conventional
dual-axis tracking systems. The WiT-CPV employs a biconvex aspheric lens and three linear actuators to achieve
precise micro-tracking within +30° zenithal and +40° azimuthal ranges. Laboratory tests confirm that single-
axis azimuthal rotation captures 72-74% of two-axis rotation energy gains, with annual energy improvements of
3.15% (Aguascalientes, Mexico) and 2.87% (Jaen, Spain) over micro-tracking non-rotating systems. The prototype
exhibits stable optical efficiency at low incidence angles (0°-25°). Transparent materials enable the transmission
of diffuse radiation, supporting agrivoltaic applications. The system’s modular design, using cost-effective PMMA
lenses and PET brackets, enhances scalability and economic viability. This proof-of-concept study, focused on
optical and mechanical performance, did not assess material degradation or outdoor performance. Future work
will involve integrating durable materials and conducting field trials to validate long-term performance and the
levelized cost of electricity. The WiT-CPV provides a scalable and efficient solution for sustainable solar energy
generation, particularly in resource-constrained environments.

1. Introduction

As the global push for renewable energy accelerates, there is an increasing need to improve the efficiency of solar technologies, especially those
that concentrate sunlight, such as concentrated photovoltaic (CPV) and concentrated solar power (CSP) systems. CPV has shown great potential,
achieving high conversion efficiencies in both research environments and commercial applications [1,2]. However, reaching the full capabilities of
these systems involves more than just precise optics and advanced multi-junction solar cells (MJSCs). It also requires solving practical challenges,
such as thermal management and spectral optimization, and, most importantly, maintaining accurate solar tracking throughout the day [3,4]. These
technologies employ optical components such as Fresnel lenses [5-7], parabolic mirrors [5,8,9], and bi-convex aspheric lenses [10], among others
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Nomenclature

Acronyms ET Energy improvement...........coeeeeuieienineneneneneaenens %
EQE External quantum efficiency ..................ocoiin.t -

CPV Concentrator photovoltaic .
EIF Energy improvement factor..............covevvuiininnen... -

CSP Concentrator solar power

DNI Direct normal irradiance E, Equatloln oi M. .o h
HCPV High-concentration photovoltaic F() I?ngll-ll arfactor............... 1;
LCOE Levelized cost of electricity H, Solar 'our.. ..................................................

I,. Short-circuit current..............oooiiiiiiiiiiiini .., A

sc
k Tteration INAeX .....ouinii ettt ii it i it eieiananans -

MCU Microcontroller unit
MJSC Multi-junction solar cell
PET Polyethylene terephthalate
PMMA Polymethyl methacrylate

POE Primary optical element P POWET ... w
PV Photovoltaic Voe Open-circuit voltage ...............ooooiiiiiiiii i, \
SMA Shape memory alloys @ Hourangle..........oouiiiiiiiii ittt °

UTC Coordinated universal time ..............cooeviiennienn... h

TMY Typical meteorological year
WiT-CPV Wide-acceptance-angle tracking-integrated micro-CPV
BOS Balance of system (non-module components and installation)

Greek Characters

. @0 Maximum solar altitude..................ooooinn
Latin Characters @,,;, Minimum solar altitude ......................ooo °
AOI Angleof incidence...........coooiiiiiiiiiiiiniininienenns ° a, Solarelevationangle................ooiiiiiiiiiiiniin °
d, Direction of motor movement................ooooiiiiiiinn.. - Bopr Optimal tiltangle..............oooi °
digng Sitelongitude...........oooiiii ° I' Fractional year angle................ooooiiiiiiiiiii i, °
Al , Incrementof I atstepk..........ooooivviiiniiiinn... A ys Solarazimuthangle....................oo °
Ax,_, Displacement from the previous iteration................. - 6 Solar declination.............ooooiiiiiiiiiiiiii i °
E EDOIgY ..ottt ettt e J ¢ Sitelatitude..........oeuiiniiiiiii e °

[11], to concentrate sunlight onto a smaller target area. In CPV systems, this concentrated radiation is directed onto high-efficiency multi-junction
solar cells [12,13], which significantly increase irradiance levels, reduce the required semiconductor area, and enhance conversion efficiency. Under
concentrated light, MJSCs have demonstrated energy conversion efficiencies exceeding 47% [14]. In CSP systems, particularly parabolic trough
collectors, solar radiation is concentrated along the linear focal axis of the parabola, where a receiver absorbs the energy [15,16]. This configuration
enables working temperatures ranging from 100 °C to 400 °C [17,18], making it suitable for diverse thermal processes such as pasteurization, food
preparation, cleaning, distillation, fluid heating, and boiler feedwater preheating [18-22]. In addition to electricity generation, solar energy is also
being harnessed for diverse thermal applications: box-type cookers with sensible-heat storage enable evening meal preparation without fossil fuels
[23], packed-bed-assisted solar stills deliver potable water during off-sunshine hours [24], and desiccant-assisted ventilation systems regenerated
by rooftop collectors cut building cooling electricity by up to 24% in warm-humid climates [25]. In particular, CPV technology has demonstrated
strong versatility in space-constrained scenarios, including zero-energy buildings [26], where recent optical reviews highlight micro-tracking systems
as a leading approach for maximizing facade-integrated energy yield [27]. Recent developments also emphasize the potential of integrating micro-
tracking PV technologies into building facades, where compact and precise alignment mechanisms can maximize solar collection in limited urban
spaces [28]. Beyond urban settings, CPV systems are ideally suited for agrivoltaic applications, in which electricity generation and crop cultivation
share the same land. Reported land equivalent ratios (LERs) of 1.2 to 1.6 highlight the potential for more efficient land use compared to separate
systems [29]. In arid regions, CPV modules not only boost energy production but also provide partial shading, which reduces soil evaporation and
mitigates extreme temperatures, factors that can enhance crop yields. By uniting food and energy production, CPV supports sustainable resource use
and climate-resilient agriculture. Despite these advantages, the practical implementation of CPV technology faces challenges such as accurate solar
alignment, thermal management, and heat dissipation, as well as optical and electrical mismatch losses [30,31]. Mainly, maintaining accurate solar
alignment requires high-precision tracking mechanisms, especially under varying weather conditions [1,32]. Traditional tracking systems, which
rely on large-scale mechanical structures, increase system complexity and costs, thereby limiting the feasibility of CPV in compact or distributed
applications. In high-concentration photovoltaic (HCPV) systems, even minor tracking errors can lead to misalignment, resulting in efficiency losses
[33]. While the required tracking precision varies depending on the optical design and application, many CPV systems demand fine angular control
to maintain optimal performance. These factors restrict CPV’s accessibility for small-scale and residential installations, where space and weight
constraints add further limitations [34]. Given these challenges, alternative tracking approaches, such as integrated micro-tracking systems [35], offer
a promising and innovative solution. Micro-tracking enables CPV deployment in compact settings by eliminating the need for large-scale mechanical
structures and reducing system complexity, weight, and susceptibility to wind loads. Additionally, micro-tracked CPV technology is cost-competitive
with photovoltaic (PV) in behind-the-meter applications, particularly in urban environments where land costs are high [36]. Hence, advancing
micro-tracking technology is essential for establishing CPV as a scalable and economically viable component of renewable energy infrastructure.
Integrated micro-tracking offers an advantageous alternative to conventional tracking systems. Instead of relying on large external structures,
this approach achieves solar alignment by moving optical elements or solar cells internally within the CPV module. This internal motion improves
both the precision and efficiency of solar energy capture. By incorporating laterally shifting optics or mobile cells inside a fixed concentrator
housing [37-39], the need for bulky external mechanisms is eliminated. As a result, micro-tracking not only complements traditional tracking
systems but also expands their applicability to environments where structural constraints make conventional designs impractical. Early micro-tracking
implementations replaced traditional two-axis tracking with internal solar cell translations, reducing mechanical stress and maintenance requirements
[37]. Another early approach utilized laterally moving optics, where plano-convex lenses or other refractive elements shifted laterally to dynamically
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align with sunlight [38,39]. Growing upon these initial findings, modern tracking-integrated CPV systems now fall into three main categories [35]:
(1) tracking concentrator elements, (2) external trackers, and (3) internal trackers. These designs can be classified into two types within internal
tracking systems: a) mechanically actuated solar cell displacement and b) optical waveguide-based tracking. In particular, mechanically actuated
systems use precise movement mechanisms to keep the solar cell at the concentrator’s focal point, ensuring optimal alignment and energy conversion.
Recent advancements in integrated tracking for CPV modules have introduced planar sliding mechanisms that enable solar cell displacement without
rotation, achieving optical efficiencies exceeding 70% and maintaining effective tracking for incidence angles up to 40° [40-43]. Other approaches
leverage shape memory alloys (SMA) to actuate the cell, eliminating the need for motors and enabling planar motion without inducing cell rotation
[44,45]. While these systems significantly reduce power consumption, they present inherent challenges, including the highly nonlinear behavior
of SMA dynamics and its strong dependency on temperature variations, which can compromise tracking accuracy and stability. Additionally, some
designs incorporate passive displacement along the Z-axis, enabling three-dimensional tracking and enhancing focal alignment along the Petzval
curve [46,44]. However, a fundamental limitation persists: the absence of cell rotation. Since the cell remains flat throughout the tracking process,
it does not maintain perpendicularity to the concentrated rays, resulting in an angular mismatch and potential reductions in energy conversion
efficiency. A more detailed and extended comparison of micro-tracking methods can be found in Subsection 7.6.

While recent developments have improved certain aspects, existing internal micro-tracking mechanisms in CPV systems continue to face criti-
cal limitations in optimizing energy conversion efficiency and angular acceptance while ensuring mechanical robustness and cost-effectiveness. A
fundamental constraint arises from the predominantly planar motion of the solar cells or optical elements, which limits alignment capabilities to
translational degrees of freedom. Most reported prototypes cannot rotate the solar cell, resulting in suboptimal angular orientation with respect to
the incident radiation, particularly along the azimuthal axis. This planar-only displacement results in an angular mismatch between the incoming
concentrated rays and the cell surface. Consequently, these systems cannot maintain the perpendicularity of the rays focused on the CPV cell through-
out the entire field of view, which is essential for maximizing energy capture. Moreover, most current designs do not account for the curvature of
the Petzval surface, a geometric effect that arises due to the focal plane deformation when tracking off-axis solar positions. The inability to dynam-
ically conform to this curved focal surface further limits the optical coupling efficiency, especially at higher incidence angles. These shortcomings
underscore the need for innovative micro-tracking solutions that integrate both rotational and translational motion, enabling the solar cell to follow
intricate trajectories and maintain optimal optical alignment across its entire tracking range.

The aim of the work is to address CPV tracking challenges by developing a proof-of-concept wide-acceptance-angle tracking-integrated micro-
concentrator photovoltaic (WiT-CPV) system that enhances energy capture through an innovative micro-tracking mechanism. The research aimed
to develop a functional prototype with azimuthal cell rotation, validated through laboratory construction and optical/mechanical characterization,
featuring a simplified mechanical design that utilizes cost-effective materials such as polymethyl methacrylate (PMMA) and polyethylene terephtha-
late (PET). This study extends existing CPV research by introducing the first micro-tracking prototype with azimuthal rotation, overcoming angular
misalignment and system complexity, while leveraging transparent materials to enable agrivoltaic applications and reduce production costs and
maintenance needs.

The current work is organized as follows: Section 2 outlines the optical modeling process, focusing on optimizing the primary optical element
with the help of ray-tracing simulations. Section 3 discusses the experimental characterization of the CPV cells, detailing the measurement setup and
procedures used to assess their angular response. Section 4 analyzes different micro-tracking configurations (none, single, and dual cell rotation) for
CPV systems, evaluating their impact on energy harvesting efficiency. Section 5 presents the development of the proposed WiT-CPV system, covering
the micro-tracking strategy, mechanical design, and the integration of actuators for precise solar tracking. Section 6 explains the proposed controller
board and control algorithm, facilitating automated tracking through real-time adjustments based on measured solar radiation. Section 7 presents
the experimental results, which include constructing the WiT-CPV prototype, validating movements for both zenithal and azimuthal tracking, and
analyzing energy improvements by comparing various micro-tracking approaches. Finally, Sections 8 and 9 present a discussion of the study’s findings
and conclusions, highlighting the advantages of the WiT-CPV system and outlining potential areas for future research.

2. Optical modeling: design and simulation

The CPV tracking-integrated system consists of a fixed biconvex aspheric lens and a mobile multi-junction MJSC, as previously described by [10].
This lens type addresses the need to reduce spherical aberrations, enabling higher optical efficiency even under irradiance incidence conditions that
deviate from the normal. Due to the variation in the angle of incidence, the concentration point of the radiation becomes distorted, making solar
tracking more challenging. To minimize this issue, the aspheric lens should also be biconvex, as suggested by [46]. Additionally, the hexagonal
geometry of the lens eliminates edge reflection losses that often occur in circular lenses, facilitating the assembly of multiple lenses within a single
module. The MJSC, which serves as the tracking element, must move in two directions, both laterally and vertically, to follow the displacement of
the concentrated irradiance focus as the angles of incidence (AOT) increases. Fig. 1 presents a ray-tracing diagram of the tracking-integrated system,
illustrating the concentration of solar radiation under normal incidence conditions (Fig. 1(a)) and when AOI # 0 (Fig. 1(b)), without solar cell
rotation. The biconvex aspheric PMMA lens, serving as the system’s primary optical element (POE), was initially designed through an optimization
process to determine its optimal dimensions [10]. This procedure aims to develop a concentrator system with high optical efficiency and angular
tolerance. The optimization was performed using the interactive optimizer in TracePro ray tracing software. The final design achieves a concentration
level of 82.5%. A more detailed analysis of this process can be found in [10].

To determine the trajectory formed by the POE focal point during its displacement, a set of experimental measurements and simulations are
carried out. These results enable the design of the WiT-CPV system so that the CPV cells accurately follow this trajectory. In this study, the CPV
cells were displaced laterally and vertically to maximize the short-circuit current (I, ), and an experimental setup was implemented to replicate the
displacement observed in the simulations. Fig. 1(c) only shows the x-axis and the x-axis, the axis involved in normal movement in two directions
throughout the day. The y-axis would correspond to seasonal movement, related to the elevation of the sun, and is not taken into account in the
Fig. 1(c) shown. From the analysis of the simulations, it can be seen that the vertical coordinate of the cell is given by the z-axis. In the experimental
setup, the coordinates are obtained directly from the tracking rails denoted as (x’l, z’l). When AOI = 0°, the position of the cell is defined as
x’l =12.5 mm, z’1 = —29 mm. To adjust the experimental coordinates with the simulated ones, a correction is performed on both axes. The position
x’] in the solar simulator corresponds to x; =0 mm in the simulations. The subsequent x’1 values for AOI # 0° are adjusted with respect to this
reference to determine the corrected lateral displacement, x;. For the vertical coordinate, z’1 is measured from the secondary surface of the lens. In
this case, the lens thickness is added to z’1 , yielding z;, the corrected vertical displacement. With this adjustment applied to the experimental data,
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Fig. 1. Schematic of the CPV system ray-tracing: a) solar radiation under normal incidence, b) incident radiation off-axis (without cell rotation), and c) coordinate
axis used in the analysis of the trajectory of the focal point of the concentrating lens.

Table 1
Comparison between experimental coordinates (x’], z’], X1, 21)
and simulation coordinates (x,, z,) as a function of AOI.

AOI (°) Experimental coordinates Simulation coordinates
x| zZ X, z; Xy z,

0 125 29 0 720 -76

10 22 28 95 71 -9.25 74

20 32 26 -195 69 -17.5 71

30 39 -21 -26.5 -64 -255 -66.75

40 44.5 -15 -32 -58 -31.75 -61.5

50 48 -9 -35.5 52 -35.75  -56

the experimental displacement curve can be directly compared with the simulated displacement curve, demonstrating a strong degree of agreement
between the two. With this adjustment applied to the experimental data, the displacement curves from both the experimental and simulated cases
can be directly compared, demonstrating strong agreement between the experimental results and the simulation, as shown in Table 1.

To obtain analytical approximations of the displacement profile as a function of the angle of incidence (f(y,), linear, quadratic, and cubic
polynomial regressions were performed using the simulation data to ensure consistency and avoid measurement errors (see Table 1). The resulting
models, given by Egs. (1) (linear), (2) (quadratic), and (3) (cubic), enable accurate modeling of the system’s mechanical behavior within the defined
range. The mean absolute errors for these approximations were 1.77 mm, 0.53 mm, and 0.18 mm, respectively, with the quadratic model exhibiting
the smallest overall error.

S ®0.537601x; — 782713, for 0>x; >—35.75 @
fo ® 0.015414x% +0.0210725x; — 75.6712, for 0> x; > —35.75 (2)
S ® —0.000445291x? - 0.00834151x% —0.285005x; —76.0562, for 0> x; > —35.75 3)

The revolved prism defined by Eq. (3) produces a slight peak at the center of the curve. In this study, to simplify the curvature of the displacement
profile, the model was constrained to exclude the linear term and the remaining coefficients were reoptimized, resulting in Eq. (4). This constrained
model yielded a mean absolute error of 0.46 mm, which was considered acceptable for the system’s mechanical design requirements.

foy ®=0.000114x7 +0.0108 x7 —75.44, for 0> x; > —35.75 4

Once the system’s geometry is defined, optical simulations are performed using the TracePro ray-tracing software, which is implemented within
the model. The concentration standard test conditions considered include an irradiance of 1000 W/m?, a temperature of 25tC, and the AM1.5D
reference spectrum. The simulated solar spectrum ranges from 0.3 um to 2.5pum, and the angular size of the Sun (4.7 mrad) is also taken into
account. The POE uses PMMA, while the MJSC corresponds to a standard triple-junction solar cell composed of gallium indium phosphide (GaInP)
as the top subcell, gallium indium arsenide (GalnAs) as the middle subcell, and germanium (Ge) as the bottom subcell. The absorption coefficients
of PMMA are taken from [47], and the refractive index values are based on [48], both within the same spectral range previously considered. AZUR
SPACE Solar Power GmbH provides the external quantum efficiency (EQE) of the triple-junction solar cell, defined as the ratio of the number of
electrons collected at the cell’s external contacts to the number of incident photons (Eq. (5)) [49]. This model incorporates both the absorption and
angular properties of the CPV system elements, as illustrated in Fig. 2. Table 2 summarizes the key parameters used in the optical simulation of the
WIiT-CPV system conducted with the TracePro software. Further details on the model and its experimental validation can be found in [50,51].

number of electrons
number of photons(1)”

EQE() = )
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Fig. 2. Optical properties of the system components. External quantum efficiency of each subcell and the absorption coefficient of PMMA.

Table 2
Parameters used in the optical simulation.
Parameter Value
Solar cell 3C44 - 5,5 x 5,5 mm2, AZUR SPACE Solar Power GmbH
Solar cell type Triple-junction GaInP/GalnAs/Ge
Concentration lens type Biconvex aspheric
Lens material PMMA
Lens geometry Hexagonal

Lens dimensions

Diagonal 62 mm, front curvature 0.024 mm~!, rear curvature
0.019 mm~', thickness 43 mm, and focal length 76 mm [10]

Optical concentration (geometric ratio) 82.5x

Simulated spectral range 0.3 pm - 2.5 um

Apparent solar angle 4.7 mrad

Concentration standard test conditions 1000 W/m?, AM1.5D, 25 °C
Refractive index of PMMA [48]

Absorption coefficient of PMMA [47]

External quantum efficiency of the cell [49]

Solar simulator

LabVIEW
software

i
[Erreeerine) i Work distance
0 sun)
Optics | Calibrated
concentrator i solar cell
s
i Focal distance
Solar cell |
| ) __-i =

Rotary platform

Fig. 3. Scheme of the setup used for the electrical characterization of the solar cell rotated with respect to the concentrated light with a continuous solar simulator.
3. Angular response characterization of CPV cell

To quantify the losses caused in the solar cell by its rotation with respect to the concentrated light, a setup is proposed, whose scheme is shown
in Fig. 3. The primary optical lens and solar cell unit were characterized using the Oriel® LCS-100™ small-area solar simulator with an AM1.5 G
filter, ensuring compliance with IEC and ASTM standards as per the ABB rating certificate. A standard c-Si reference solar cell (RERA Solution) was
employed for irradiance level estimation, meeting the requirements of the IEC 904-2 standard. Current and voltage measurements were extracted
using a Keysight Technologies® B2900B™ series source measurement unit, while an Agilent® 34970A data acquisition unit was used for temperature
monitoring. Data collection and monitoring were carried out on a laptop using custom LabVIEW® software. A Type J thermocouple was attached to
the front of the solar cell before each measurement to ensure the cell temperature remained around 25 °C. Ambient room temperature was maintained
at25+0.5°C.

The procedure for the measurements consisted of placing the primary lens at a working distance where an irradiance level of 1 sun was ensured.
Subsequently, the solar cell’s relative distance to the lens’s focal point was adjusted by monitoring the /. until the maximum value was observed.
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(b)

Fig. 4. Photographs of the set-up used to measure the solar cell angular response: a) under normal incidence, and b) under inclined incidence.
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Fig. 5. Measured solar cell angular response (angular factor versus angle-of-incidence) used to characterize the reflective losses on the solar cell surface.

Table 3

Measurement instruments and associated uncertainties.
Instrument Measurement Uncertainty
Digital thermometer Room temperature +2%
Type-J thermocouple + DAQ AGILENT 34970A Surface temperature +1.6%
High precision source/Measure unit B2902B Series ~ Voltage +0.4%
High precision source/Measure unit B2902B Series Current +0.4%
Error propagation formula Power +0.8%
Error propagation formula Optical efficiency +0.8%
Reference mono-Si solar cell sensor Irradiance +3.5%
Total error propagation +4.52%

* Combined uncertainty.

The solar cell was mounted on the rotation axis of a rotating platform, allowing it to be rotated with respect to the primary lens within a range
of angles of incidence (AOI) from 0° to 90°. The I-V characteristic curves at each AOI were measured under the IEC 61215 standard conditions,
with an irradiance intensity of 1000 W/m?, a light spectrum of air mass 1.5G, and a cell temperature of 25 °C. The solar cell’s maximum power was
extracted from the measured I-V curves for each AOI, and the angular factor (i.e., the ratio of measured maximum power to maximum power under
0° AOI) was calculated. This angular factor decreases as the AOI increases, mainly due to reflective losses. Photographs of the setup under AOIs
of 0° and 45° are provided in Fig. 4(a) and 4(b), respectively. The measured angular response (angular factor versus AOI) is presented in Fig. 5.

An uncertainty analysis has been conducted in accordance with the ISO/TR 21900:2018 guide [52]. Estimating the uncertainty in the characteri-
zation of photovoltaic systems in a continuous-type solar simulator involves analyzing some factors, which can be sources of uncertainty, including:
(1) variations in irradiance from the continuous solar simulator; (2) inaccuracies in current and voltage sensors; and (3) thermal instability in the
photovoltaic device under test, among others. The Type A uncertainties were evaluated through statistical analysis, using a minimum of three mea-
sures. In contrast, the Type B uncertainties were obtained from the resolution of the measuring instruments or, if available, from the calibrated
certificate. Repeatability of measurement indicates the “noise” in the system and should be considered when estimating uncertainty. This also helps
to detect possible uncontrolled variations in irradiance or temperature. The combined uncertainties and uncertainty of indirect measurements were
assessed using error propagation formulas based on partial derivatives. Expanded uncertainty was calculated with a coverage factor of k = 2 (95.45%
confidence interval). The values of the estimated uncertainties are presented in Table 3. For determining solar simulator irradiance, the uncertainty
for I . is +1.7% according to the calibration certificate of the reference solar cell. Combining this error with the repeatability uncertainty associated
with the electric current measurements (0.4%) and applying the corresponding coverage factor (k = 2), the expanded irradiance uncertainty obtained
is +3.5%. Taking 1,000 W/m? as a reference, this variation is equivalent to +35 W/m?. Regarding repeatability, a minimum of three measurements
of the I-V curves were made and this uncertainty (type A) in combination with the precision of the Keysigth B2920B (type B), a combined uncertainty
of 0.4% is obtained (which is what is indicated in Table 3).

Table 3 summarizes the uncertainties associated with the main measurement instruments used during the experimental characterization, in-
cluding temperature sensors, voltage and current meters, and the reference solar cell. Electrical measurements, performed using a high-precision
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Experimental parameters and measurement conditions used in the angular response characterization of CPV cell.

Experimental parameter

Measured/used value

Solar simulator

Reference irradiance sensor

Standard measurement conditions

Electrical measurement unit (current-voltage)
Data acquisition unit (temperature)
Monitoring software

Cell temperature measurement

Laboratory ambient temperature
Characterized angular range

Combined uncertainty of the system

Oriel® LCS-100™, AM1.5G filter

Standard c-Si solar cell (RERA Solution)

IEC 61215 (1000 W/m?, AM1.5G, 25 °C)
Keysight Technologies® B2900B™

Agilent® 34970A

LabVIEW®

Type J thermocouple, cell surface: 25 = 0.5 °C
25 +0.5°C

0°-90°

Approximately + 4.52%

source/measure unit (Keysight B2902B), yielded uncertainties of +0.4% for both current and voltage. These low values reflect the stability and
accuracy of the electrical characterization setup. Temperature control, achieved via a Type J thermocouple and data acquisition system, maintained
the cell surface temperature at 25 + 0.5 °C. Considering the relative temperature coefficients provided by the manufacturer (-0.21%/°C for V,. and
0.012%/°C for I,,.), a maximum change of 1°C would imply a drop in V,, of approximately 0.21% and an increase in I, of less than 0.02%. Since
the expected changes in V,, and I, are below 0.2%, it is assumed that the impact of these temperature fluctuations during the indoor measurements
is negligible for the overall system uncertainty. The combined uncertainty in calculated power and optical efficiency, derived through propagation
of error, was estimated at +0.8%, which is acceptable for proof-of-concept validation. Among these parameters, the irradiance sensor exhibits the
highest uncertainty, with an expanded value of +3.5%. However, this does not impact the calculation of optical efficiency, since this parameter is
defined as the ratio of the I, measured under concentration to that measured without the concentrator, using the same solar cell under identical
irradiance conditions. Both current measurements (with and without the concentrator) were performed using the same high-precision source/mea-
sure unit. Consequently, the expanded uncertainty of the optical efficiency, derived from error propagation, is around +0.8%, and is independent of
the irradiance sensor uncertainty. This distinction is critical, as it clarifies that the most significant source of uncertainty in the setup—irradiance
estimation—does not propagate into the optical efficiency calculation. In contrast, it does affect the determination of absolute performance metrics
such as electrical efficiency and power output, where irradiance directly enters the denominator of the efficiency equation. Overall, the uncertainty
analysis confirms that the reported optical efficiency values are reliable and robust. While irradiance uncertainty is a limiting factor for other per-
formance metrics, it does not compromise the evaluation of optical efficiency or the comparative assessment between tracking configurations. The
combined uncertainty for the system, approximately +4.52%, reflects the cumulative effect of uncertainties from all devices/parameters listed in
Table 3, calculated through error propagation. Table 4 summarizes the experimental setup and measurement conditions used for the angular response
characterization of the triple-junction solar cell.

4. Evaluation of micro-tracking configurations for CPV systems

The main innovation of the prototype developed in this study is the azimuthal rotation of the solar cell. With this rotation, the angle of incidence
of the concentrated light relative to the solar cell surface (0) can be reduced throughout the day, thereby decreasing reflective losses. The angular
response of the solar cell was characterized through the angular factor, F(0), with the experimental set-up described in Section 3 (see also Fig. 5).
However, a simulation study is required to assess the performance gains achievable by the azimuthal rotation of the solar cell. The basic formulas
used for the simulation study are summarized below. In these formulas, we use the 0, 1, and 2 superscripts to refer to three concepts of microtracking
configurations:

+ 0: No rotation of the solar cell. The cell is held parallel to the concentrating lenses.
+ 1: Rotation along a single axis, tracking the azimuthal movement of the sun from east at sunrise to west at sunset.
+ 2: Full rotation of the solar cell to achieve normal incidence at every instant. Rotation in the azimuthal and zenith axes.

All concepts (0, 1, and 2) are assumed to be mounted facing the equator and tilted at an angle equal to the latitude. Under this configuration, the
angle of incidence (@) for each device can be expressed as [53]:

6% = cos™! (sina, - cos+cosay - sing - cosy, ), 6)
0' =151, %)
6> =0, (8)

where a, and y, are the sun height and azimuth, respectively (with y, defined from south to west), ¢ is the latitude, and 6 is the solar declination.
Given the sun’s position and the day of the year, the corresponding ¢/ angle of incidence can be calculated for j =0, 1.

The energy improvement factor (E1F) over a specific period for concepts 1 or 2 (relative to device 0) can be defined by Eq. (9), where DNI
represents the direct normal irradiance, AOI is the angle-of-incidence of sunrays relative to the PV module surface, 7,y is the optical efficiency as
a function of AOI, and the subscript “i” denotes a generic interval within the considered period. The optical efficiency function, 7y, was exper-
imentally characterized indoors in a previous study, considering reflection, absorption, non-focusing, and spectral losses [10]. The results of this
characterization are presented in Fig. 6. Due to mechanical constraints of the prototype, 7,,; was truncated for AOI > 50°. It is important to men-
tion that the EI F derivation assumes identical spectral effects, thermal behavior, and negligible tracking errors in both rotating and non-rotating
microtracking systems. These assumptions simplify the calculation, as a detailed assessment of spectral, thermal, and tracking effects is beyond the
scope of this study.
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Fig. 6. Optical efficiency as characterized in [10].

¥, DN, - cos(AOI,) - o (AOI,) - F (9{)

EIF/ = j=12 9

2 DNJ; - cos(AOL) - 75, (AOL,) - F (9?) |

By definition, the EIF quantifies the energy improvement of prototypes 1 or 2 relative to prototype O over a specified period, expressed by

Eq. (10), where E/ represents the energy harvested by the j-prototype over the considered period, and E° is the reference energy harvested by

the prototype that does not rotate the solar cell. An EIF > 1 indicates energy improvements compared to the reference prototype. Another way to

express the same concept is through the percentage energy improvement, E (%), which is simply EI1(%) = (EIF — 1) - 100, and has positive values

when there are energy improvements compared to the reference prototype. This equation enables the evaluation of the energy production achieved
by the mechanism proposed in this study. The results are presented in Section 7.5.

EIF ~ £

o’ j=1,2 (10)

On the other hand, the apparent sun’s position (@, and y, angles) was calculated from the day of the year (n from 1 to 365) and the solar hour
(H,) by the following procedure [54]. First, the solar declination for a specific day of the year is obtained by Eq. (11),

. (27 (n+284)
§=23.45°- ), 11
sin < T ) 1)
and the hour angle (w) for a specific solar hour is obtained as:
w=-180°+15°/h- H,. (12)
From these magnitudes, the sun height and azimuth can be calculated by Egs. (13) and (14),
@, = arcsin (sind - sin¢g + cos § - cos ¢ - cosw), 13)
sina; - sing — sin 6
ly,| =arccos | ——— a4
cosa, - Cos ¢

It is worth mentioning that typical meteorological year files provide hourly weather data as a function of the Universal Time Coordinated (UTC).

Therefore, the H; must be derived from the UTC by means of the following expression:
long
H;,=UTC+ ——+E,, 15
s 15°¢/h = " s

where long is the site longitude and E, is the equation of time, which can be calculated from the day of the year as:

E, =3.82h-(0.000075 4 0.001868 - cosI" — 0.032077 - sin" — 0.01461 - cos 2I" — 0.04089 - sin 2I") (16)
where,
F=27L"(I’l—1) (17)
365

5. Development of the WiT-CPV
5.1. Micro-tracking strategy

Evaluating the solar trajectory for any location and date throughout the year is crucial for designing an effective solar micro-tracking strategy.
This evaluation aims to optimize energy generation while reducing the system’s energy consumption. Furthermore, the strategy should emphasize
the use of low-cost, low-maintenance mechanisms that are relatively easy to construct.

Fig. 7 illustrates the typical apparent path of the Sun as observed from the Earth’s surface, extending approximately from east to west throughout
the day. Due to this extensive trajectory, the lens’s focal point exhibits significant movement along the azimuth axis. Consequently, the CPV cell
must track this path and rotate to remain perpendicular to the Sun’s rays, ensuring optimal energy capture. This adjustment helps to prevent energy
production losses caused by the angle of incidence of solar rays. On the zenithal axis, the solar altitudes exhibit maximum and minimum values.
The maximum solar altitude («,,,,) and the minimum solar altitude (e,,;,) can be determined using Egs. (18) and (19), respectively [53]. In these

equations, ¢ represents the latitude of the location in degrees and §,,,, corresponds to the maximum solar declination. As shown in Fig. 7, during the
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Fig. 8. Typical solar paths for a fixed tilt observer in the Northern hemisphere.

summer solstice, the sun reaches its highest position in the sky, corresponding to a declination angle of §
altitude at a given location, «,,,,. Conversely, the Sun reaches its maximum negative declination at the winter solstice, —6,,,, = —23.5°, resulting
in the minimum solar altitude, «,,,. Therefore, to ensure that the CPV cell can reach all potential positions of the focal point generated by the
concentrating lens—regardless of location and date—it is practically necessary that the microtracking system can move the cells in a semi-spherical
motion, as proposed in [46]. This approach ensures that the cells are positioned at the focal point of the lens; however, it does not guarantee that
the cells rotate to align perpendicularly to the sun’s rays, which can significantly reduce energy production.

max = 23.5°. This results in the maximum solar

Xpax = 90° — d+ 5max’ (18)
Xppin = 90° - - 5max' (19)

Based on the analysis above, an optimized strategy was developed to minimize the displacement of CPV cells of the WiT-CPV throughout the year.
The main idea is to install the WiT-CPV at a specific angle to ensure that the module is perpendicular to the sun’s rays when the solar declination
is 0° (see Fig. 7). First, the CPV module must be oriented southward in northern latitudes and northward in southern latitudes. Then, the optimal
elevation angle (f,p,) of the module can be determined using Eq. (20). To achieve this elevation, the module must be tilted to the complementary
angle of fi,y, which approximately corresponds to the latitude (¢). This approach is consistent with standard installation practices for conventional
PV modules.

Apax + X
ﬂopt — max 2 min . (20)
When the WiT-CPV is correctly oriented and tilted, a reference adjustment is applied. This adjustment ensures that the module remains perpendicular
to the Sun’s rays when the solar declination is 0°, which occurs during the autumnal and vernal equinoxes. By implementing this strategy, the system
guarantees that the maximum solar deviation relative to the module along the zenith axis throughout the year will be +23.5°, as it is precisely
centered between the «,,,, and a,,;, values, as illustrated in Fig. 8.

Fig. 9 illustrates the spatial range that a CPV cell in a microtracking system can occupy at any latitude and date throughout the year, highlighted
in orange. Fig. 9(a) depicts the space utilized by a microtracking system based on spherical guides [46], where the cell must traverse the entire
hemisphere to remain aligned with the focal point of the lens. In contrast, Fig. 9(b) shows the path required for the CPV cells of the WiT-CPV at
any latitude and date. Notably, the path is significantly reduced because the module is elevated to f,,, limiting zenithal deviation to a maximum
of £23.5° in any latitude and date throughout the year. Considering that the optical efficiency of the CPV cell does not drop significantly at angles
below 30° (see Fig. 6) and to keep the WiT-CPV system as simple as possible, the proposed design should track the lens’s focal point throughout
the year without rotating the CPV cell around the zenithal axis. This approach ensures that the CPV cell always remains parallel to the base of the
concentrating lens. However, as previously mentioned, the cell must rotate along the azimuthal axis while simultaneously moving along the focal
point of the lens.

Due to the wide acceptance angle, broad CPV cell movement range, and the prototype’s tilt strategy, the system can position CPV cells along
the solar trajectory for any latitude, accommodating varying solar radiation levels. This approach enhances operational efficiency, robustness, and
sustainability. Furthermore, the proposed optimization of CPV cell movement in the WiT-CPV system reduces actuator energy consumption and
mechanical wear, potentially extending their lifespan (to be explored in future research).
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Fig. 9. Spatial range that a CPV cell in a microtracking system: a) system based on spherical guides and b) proposed WiT-CPV [55].

5.2. Mechanical design

The preceding analysis concludes that rotation along the zenith axis does not provide a favorable cost-benefit ratio. The minimal energy gains do
not justify the increased complexity and cost of implementing zenithal rotation, so this adjustment has been excluded from the WiT-CPV design. This
decision optimizes the balance between simplicity and performance, focusing on essential adjustments to maximize solar energy collection while
minimizing mechanical complexity. The movement requirements for the CPV cells in the proposed WiT-CPV are summarized as follows:

A. Tracking the focal point along the zenithal axis: Continuous adjustment ensures optimal alignment with the sun’s path throughout the year.
This movement directly shifts the cells along the zenithal axis and indirectly along the Z-axis, moving them closer to or further away from the
concentrating lens.

B. Tracking the focal point of the concentrating lens along the azimuthal axis ensures that the CPV cells remain aligned with the focal point’s shifting
position as the sun moves throughout the day. This movement directly shifts the cells along the azimuthal axis and indirectly along the Z-axis.

C. Rotation of the CPV cell in the azimuthal axis, centered on its midpoint: This adjustment allows the CPV cells to maintain a perpendicular
orientation relative to the incident solar rays along the azimuthal plane, maximizing energy capture in this direction.

To achieve the abovementioned movements, a system was designed using linear actuators to transmit motion efficiently to the CPV cells. An XY
table was implemented using three NEMA 11 linear modules with stepper motors and sliding stages: two modules with a 250 mm stroke for the
azimuthal axis and one with a 150 mm stroke for the zenithal axis. No actuator was used for the Z-axis to further optimize the system and reduce
the number of required actuators. Instead, acrylic guides were implemented to indirectly guide the cell’s movement along this axis in response to
adjustments made along the zenithal and azimuthal axes. This design enables precise control of the CPV cell positioning while minimizing mechanical
complexity, cost, electrical consumption, and system maintenance. The system achieves high operational efficiency by streamlining these aspects
without compromising performance. The following sections detail the drive mechanism for the azimuthal and zenithal axes.

5.2.1. Zenithal displacement mechanism

The zenith displacement mechanism is a critical component that enhances the system’s alignment with solar movement by enabling precise
adjustments to track the sun’s zenith angle. This section describes the design and implementation of this mechanism, emphasizing its role in achieving
fine-tuned positioning to optimize solar irradiance on the CPV cells throughout the year.

Fig. 10 illustrates the mechanism responsible for generating the zenith motion in the CPV cells of the WiT-CPV. The primary elements are color-
coded for illustrative purposes. Four curved acrylic guides (black-colored) were implemented to ensure that the CPV cells move along the desired
zenith axis path. A motion study conducted in SolidWorks was used to fine-tune the guide geometry, ensuring that the CPV cell center precisely
follows the curvature of the concentrator lens’s focal point along this axis. The guides were designed based on the trajectory described by Eq. (4),
guaranteeing that any element constrained to slide along them will accurately track the focal point generated by the concentrating lens. Two round
stainless steel tubes (pink-colored), each 3 mm in diameter, swing on these guides. These tubes are supported by four pieces (yellow-colored) attached
to the bottom of Base 1. Two PET printed brackets (cyan-colored) transmit the movement of the two lateral linear zenithal actuators to Base 1 through
the steel tubes. Although the brackets move linearly, Base 1 follows the precise curvature of the curved acrylic guides, enabling direct movement
along the zenithal axis and indirect movement along the Z-axis. Notably, the CPV cells maintain a parallel movement relative to the lens at all times
rather than rotating along the zenith axis. Furthermore, the movement of these cells along the zenith axis is characterized by its extremely slow
pace, with a gradual shift from one extreme to the other occurring over the course of an entire year. This slow, parallel movement is a key design
feature, as it significantly reduces energy consumption. Frequent adjustments along the zenith axis, which would be necessary with a more dynamic
system, require higher energy expenditure due to the need to overcome gravitational forces. Therefore, this design choice directly translates to a
highly energy-efficient system, which minimizes operational costs and maximizes the net energy output. However, if the module is not correctly
oriented southward in northern latitudes or northward in southern latitudes, the system will operate with a slight adjustment to compensate for any
deviation along this axis.

5.2.2. Azimuthal rotation and displacement mechanism
The WiT-CPV’s azimuthal movement is similar to its zenithal movement. It utilizes a set of curved acrylic guides to ensure that the center of the
CPV cell aligns with the focal point of the concentrator lens. However, since this axis requires the cell to rotate, the mechanism is slightly more

complex. It primarily consists of three Bases, as illustrated in Fig. 11, with its operating principle described as follows:

+ Base 1 is rigidly affixed to Base 3 by four spacer blocks (olive-colored), ensuring synchronized movement between the two bases.

10
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Fig. 11. Design of azimuthal displacement mechanism.

Base 2 exhibits linear movement along the azimuthal axis. This motion is facilitated by the azimuthal linear actuator (see Fig. 10), mounted to
the underside of Base 1, which provides support and enables Base 2 to translate smoothly between Bases 1 and 3. In addition, Base 2 features two
vertical guides (beige-colored) per CPV cell. These guides transmit azimuthal motion via a 3 mm steel tube (red-colored) to a rail that supports
the CPV cells.

Base 3 incorporates two horizontal curved guides (fuchsia-colored) per CPV cell (green-colored), precisely engineered based on the trajectory
described by Eq. (4) to maintain alignment between the cell center and the lens’s focal point along the azimuthal axis. Each cell is mounted on
these guides using a PET rail, which features three horizontal stainless steel tubes on its underside: a longer tube (red-colored tube) and two
shorter tubes, as detailed in the inset of Fig. 11. The longer tube transmits the azimuthal movement by engaging with the vertical guide on Base
2, thereby accurately positioning the cell at the lens’s focal point. The shorter tubes support the CPV cell rail, allowing it to rotate along the
guide’s curvature and maintain perpendicular alignment with incoming solar radiation throughout the day.

The above configuration converts the linear motion of the azimuthal actuators into a synchronized movement of the cell along both the azimuthal
and Z axes. Furthermore, it enables automated cell rotation, maintaining perpendicular alignment between the cell and the lens’s focal point and,
consequently, with the incident solar radiation throughout the day. The system implements gradual azimuthal adjustments to maintain the cell’s
optimal orientation continuously. Notably, the cell’s displacement and rotation are achieved through a single linear actuator, thereby minimizing
electrical consumption and reducing system costs.

5.2.3. Mechanical design integration

Fig. 12 presents the complete design of the WiT-CPV system. As depicted, the tracking mechanism incorporates a control board compartment
in its upper section. Additionally, the system incorporates four adjustable legs to enable precise module tilting at specific angles. An acrylic cover
supports the array of concentration lenses. Only the central lens cell is considered for illustrative purposes in this prototype. For this image, the
transparency of all acrylic materials was enabled to provide a clear visual demonstration of the system’s design and functionality. It is important to
mention that the WiT-CPV employs NEMA 11 stepper motor modules for their high torque, low cost, high precision, and low speed, essential for the
prototype’s precise movements. They maintain CPV cell positions without constant power, thereby enhancing efficiency and eliminating the need
for encoders, which reduces complexity compared to DC motors. This supports scalability and suitability for agrivoltaic applications.

6. Controller board and control algorithm

The proposed controller board is designed considering that only the X and Y axes need to be controlled to track solar radiation fully, as the
movement along the Z-axis of the module is mechanically obtained through the guides. Hence, two stepper drivers are incorporated, based on the
TMC2209 controllers, which can achieve sensorless homing and low power consumption, crucial for increasing the energy obtained by the module.
Fig. 13(a) illustrates the simplified block diagram of the proposed controller board, while Fig. 13(b) shows its PCB design. The proposed micro-
controller unit (MCU) is based on an STM32L412KB, a Cortex-M4 MCU designed for low-power applications. To validate the tracking capabilities,
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Fig. 12. Complete design of the WiT-CPV (rear isometric view).

Fig. 13. Proposed controller board: (a) simplified block diagram and (b) PCB design.

the I, is measured using a shunt resistor, an AD8418 current sense amplifier, and an ADS122C04 24-bit ADC to read the analog value and feed
it to the MCU. Hence, the controller operates in a closed loop. Additionally, the open circuit voltage, V., can also be measured by turning off the
shunt resistor using transistor Q; and measuring the module’s voltage through a voltage divider. An Apogee SP-212 pyranometer is integrated to
measure the plane-of-array global irradiance, enabling future evaluation of the controller’s effectiveness in tracking solar irradiation. The central
control board performs data logging.

The MCU primarily utilizes the I signal to monitor solar radiation. The control algorithm functions by comparing the I . value with the previous
one, determining whether the system should continue in the same direction or reverse its movement. This process can be formulated as follows. For
each axis, the difference between the current and previous I, values is calculated using Eq. (21), where I, and I ,_, represent the I signal

values at the current and previous steps, respectively.

AIsc,k = Isc,k —Lse k-1 (21)

Based on the comparison, the direction of movement is determined by Eq. (22), where d; = 1 indicates continued movement in the same direction,
and d; = —1 indicates a reversal.

1 if Al., >0
dk — 1 sc,k (22)
-1 if AL, <0

After determining the direction, the displacement at each iteration is adjusted progressively by Eq. (23),

Bx =By (1= %) (23)

where Ax;_; is the displacement from the previous iteration, k is the current iteration step (ranging from 1 to 3), and N is the total number of
iterations (3 in this case). The displacement decreases progressively with each iteration. This iterative process is applied to each axis, reducing
displacement at each step to achieve efficient solar tracking. For clarity, the tracking procedure described above is summarized in Algorithm 1,
which outlines the iterative control logic used to maximize I,.. It is noteworthy that the results of solar irradiation tracking using the proposed
device will be presented in a subsequent study.
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Algorithm 1 Two-axis solar tracking algorithm based on solar cell I .

1: for each axis do

2 Initialize position x « x,
3 Measure I,
4 Set initial direction d, < 1

5: for k=1to N do

6: Compute step size: Ax; < Ax;_; - (1 - %)
7 Compute trial position: x; < x +d,_; - Ax,
8 Move to x, and measure I

9 ComPUte AIsc,k e Isc.k - Isc.k—l

10: if A, >0 then

11: X X > Accept new position
12: d, —d,_, > Keep direction
13: else

14: dy < —d;_; > Reverse direction for next iteration > Keep current position x
15: end if

16: end for

17: end for
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Fig. 14. WiT-CPV integration: a) guides for zenithal movement, b) guides for azimuthal movement, c) isometric view with focusing lenses, and d) top view with
focusing lenses.

7. Results
7.1. WiT-CPV construction

Fig. 14 presents different perspectives of the fully constructed WiT-CPV prototype. As observed, all bases and the system’s general cover were
fabricated from 5 mm transparent acrylic. Consequently, radiation that is not incidental to the CPV cells passes through the module and reaches
the surface below, facilitating its application in agrivoltaic systems. It is important to mention that the prototype was developed to validate the
proof-of-concept under controlled laboratory conditions. Subsequent research will focus on conducting degradation and durability assessments to
optimize material selection for enhanced long-term performance. It is also worth noting that the tracking algorithm implemented in the first version
of the prototype (as described above) is straightforward and can be considered a starting point for testing the device under real sun conditions.
The algorithm will be refined in future work to guarantee precise sun tracking even in varying irradiance conditions caused by clouds. Fig. 14(a)
illustrates the main elements of the zenithal movement mechanism and the control board. Fig. 14(b) presents the primary elements of the azimuthal
movement mechanism. Fig. 14(c) depicts an isometric view of the assembled WiT-CPV prototype and its power supply. Fig. 14(d) displays the frontal
view of the WiT-CPV prototype, highlighting the CPV cell at the center of the concentration lens array. As observed, the majority of elements are
fabricated from PET or 5 mm transparent acrylic, materials that are readily accessible and cost-effective. This choice contributes to a favorable cost-
efficiency balance for the system. However, future versions will employ a material with enhanced durability against outdoor conditions, minimized
degradation over time, and high optical transmittance.
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Fig. 15. Apparent solar path during different seasons for the WiT-CPV installed with the optimal tilt angle, southern orientation, and at the location of Aguascalientes,
Mexico.

7.2. Experimental setup

The functionality of the WiT-CPV was validated through experimental tests. Initially, the optimal installation tilt angle for the WiT-CPV was
calculated for Aguascalientes, Mexico, located at a latitude of 21.85° and longitude -102.33°. Using Eq. (20), the optimal elevation angle was
determined to be f,,, = 68.15°. Consequently, the module was tilted to the complementary angle, 21.85°, which closely corresponds to the installation
site’s latitude. Then, the system was installed with a southerly orientation to optimize solar tracking. Subsequently, the zenithal and azimuthal
movements were individually tested in open-loop (without feedback control) to ensure that the displacement range for each axis maintained the
alignment of the cells with the focal point of the concentrator lens. It is noteworthy that once the CPV cells are positioned at the desired location
along both axes, the actuators can be deactivated, eliminating power consumption and achieving minimal energy usage. The cells remain securely

in position due to the system’s transmission mechanism. Detailed validation of the movements for each axis is provided in the following sections.
7.3. Zenithal movement validation

As previously discussed, the apparent solar movement along the zenith axis progresses slowly throughout the year. Fig. 15 illustrates the apparent
solar path during different seasons for the WiT-CPV installed with the optimal tilt angle (f,,, = 68.15°), southern orientation, and at the location
of Aguascalientes, Mexico. As shown, the solar rays along the zenith axis exhibit a minimum incidence angle of —23.5° during the winter solstice
(December 20) and a maximum incidence angle of +23.5° during the summer solstice (June 20). At the equinoxes (March 19 and September 22),
the solar position is precisely perpendicular to the WiT-CPV on this axis. Consequently, the movement of the solar cells along the zenith axis changes
gradually over the year, requiring minimal adjustments for alignment. Therefore, despite using two actuators for zenithal movement, they remain
deactivated for extended periods because minimal daily adjustments are required.

For the above, the system must be capable of shifting the CPV cells by a minimum range equivalent to the focal point displacement of the
concentrating lens, +23.5°, to ensure adequate solar tracking for any date of the year and at any latitude. In this sense, a digital angle meter was
used to measure the maximum displacement angle, confirming a range of up to +30°, referenced to the normal of the proposed module. Hence, for
the case study, the WiT-CPV can position the CPV cells within a range of 38.15° to 98.15°, fully covering the calculated values of a,,,, =91.654817°
and a,,;, = 44.654847° as determined by Egs. (18) and (19), respectively. Video 1 (https://youtu.be/zMStF65mZI0, accessed on 13 March 2025)
demonstrates the complete zenith axis movement. The mechanism’s movement speed is adjustable through the control board, ensuring flexibility in
response to solar movement.

7.4. Agzimuthal movement validation

For the azimuthal axis, the WiT-CPV is designed to ensure that the CPV cells follow the lens focal point trajectory from east to west while
maintaining a perpendicular alignment with the solar rays along this axis (see Fig. 15). The gradual east-to-west displacement of the cells throughout
the day was verified. The movement of the CPV cells on the azimuthal axis is demonstrated in Video 2 (https://youtu.be/veD6nUGxIpQ, accessed
on 13 March 2025). The cells’ travel angle along this axis was measured using SolidWorks and a digital angle meter, showing a displacement range
of + 40°. This range allows the WiT-CPV to achieve a wide acceptance angle, enhancing its solar tracking capabilities. Additionally, the rotation
of the cells along the azimuthal axis was verified. This configuration ensures the cells remain correctly perpendicular to the incident solar rays
throughout the day. The system’s movement accuracy and speed are configurable through the control program, allowing for fine-tuned operation to
match specific solar tracking requirements.

The experimentation demonstrates that the proposed WiT-CPV, installed at the optimal tilt angle and oriented southward, requires nearly linear
azimuthal movement of the CPV cells throughout the day. This minimizes zenith axis adjustments and significantly reduces energy consumption,
confirming its efficiency and innovation in solar tracking technology.
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Fig. 16. Monthly and annual percentage energy improvement, EI (%), of single-axis and two-axis rotation devices compared to a non-rotating device in: a) Aguas-
calientes, Mexico, and b) Jaen, Spain.

7.5. Energy improvement analysis

An energy improvement analysis was performed to evaluate the performance of the proposed system. This analysis considered three configurations
of microtracking mechanisms detailed in Section 4: (0) no rotation of the solar cell, (1) rotation along the azimuthal axis, and (2) full rotation of the
solar cell along both the azimuthal and zenithal axes. The calculations were performed for two selected locations: Aguascalientes, Mexico (21.9° N,
— 102.3°E) and Jaen, Spain (37.8° N, — 3.8°E). The latitudes of both sites differ significantly, allowing for a comparison of two locations with
distinct solar paths and irradiance conditions. Both sites are characterized by elevated annual DNI values (Aguascalientes: 2,844 kWh/m?; Jaen:
2,188 kWh/m?). The meteorological data used to characterize these locations were obtained from the PVGIS software [56]. Specifically, the typical
meteorological year files, which contain hourly values of the relevant parameters, were downloaded to perform the calculations.

Fig. 16(a) and Fig. 16(b) present the monthly and annual energy improvement (EI (%)) for Aguascalientes and Jaen, respectively. The results
are shown for devices 1 (single-axis rotation) and 2 (two-axis rotation). As seen, the two-axis rotating device exhibits higher monthly and annual
ET than the single-axis rotating device. This difference is greater during the summer and winter months, while it becomes minimal in March and
September, coinciding with the equinoxes. Aguascalientes shows slightly higher EI values than Jaen, indicating that lowering the latitude enhances
the benefits of rotating the solar cell. Regarding annual values, EI of 3.15% and 4.24% (single-axis and two-axis, respectively) are verified in
Aguascalientes, while ET of 2.87% and 3.98% (single-axis and two-axis, respectively) are verified in Jaen. Therefore, compared to a non-rotating
device, the single-axis rotation is a favorable option, as it provides appreciable energy gains (between 72% and 74% of the gains obtained by a
two-axis rotating device) with a much simpler and cost-effective mechanical structure.

7.6. Comparative analysis of the WiT-CPV

At the current stage of the investigation, it is not possible to estimate the annual energy harvesting or energy yield of the developed microtracking
system. This estimation will be part of future work. To get this estimation, the tracking algorithm will be refined and further validated, and an in-
depth outdoor characterization that considers optical, spectral, and thermal effects will be developed. However, currently, it is possible to assess
through simulations the annual energy gains of the developed prototype with azimuthal cell rotation compared to a similar system that does not
rotate the cell. These gains are expected to be sufficient to justify the main innovation of the prototype, namely, the azimuthal rotation of the solar
cell. Therefore, it was essential to assess through simulations the benefits of the azimuthal rotation compared to a non-rotating microtracking system.

As discussed earlier, the WiT-CPV system introduces a novel tracking mechanism that allows movement along the zenithal and azimuthal axes,
optimizing solar alignment while maintaining mechanical simplicity. Along the zenithal axis, the CPV cell follows the focal point’s trajectory without
rotation, with a displacement range of +30°, fully covering the focal movement range of +23.5° (see Fig. 17(a)). The optical efficiency characterization
confirms that the absence of cell rotation in this axis results in minimal losses, even at the maximum solar deviation of 23.5° (Fig. 6). In contrast, the
azimuthal axis allows a displacement range of up to +40°, providing greater flexibility in tracking the focal point across larger solar incidence angles
(Fig. 17(b)). Unlike other micro-tracking CPV systems, the WiT-CPV incorporates azimuthal cell rotation, ensuring continuous perpendicularity
to incoming rays. This capability significantly improves optical efficiency by reducing angular misalignment losses. Video 3 (https://youtu.be/
NXAiq7LQYok, accessed March 13, 2025) showcases the coordinated movements of the WiT-CPV prototype, demonstrating its integrated micro-
tracking functionality. The system also allows diffuse radiation to pass through the module, potentially benefiting dual-land-use applications such
as agrivoltaics and greenhouse energy harvesting.

Although several studies have proposed integrated micro-tracking CPV systems, most lack detailed descriptions of prototype construction and
do not incorporate cell rotation, as implemented in this work. Table 5 summarizes the key characteristics of these approaches. The majority relies
on planar sliding mechanisms [43,41,42] or SMA actuators [44,45], both of which achieve only translational displacement without MJSC rotation.
While some designs, such as [43], report exceptionally high peak optical efficiencies (> 95%), they lack mechanisms to maintain the solar cell
perpendicular to incident rays, resulting in increased optical losses at mid-range incidence angles. Furthermore, SMA-based systems introduce
challenges due to their nonlinear thermal behavior, reducing tracking accuracy under variable environmental conditions. In contrast, the WiT-CPV
system is the first reported approach to integrate azimuthal rotation with full three-dimensional micro-tracking, requiring only three actuators. This
novel mechanism maintains continuous perpendicular alignment with concentrated rays along the Petzval curve, minimizing optical losses across
a wide range of incidence angles. Additionally, the optimized actuation strategy reduces power consumption by limiting the number of actuators,
delivering a mechanically simple yet highly efficient tracking solution. By overcoming the limitations of SMA-based and purely translational designs,
the WiT-CPV emerges as a competitive and scalable alternative for CPV tracking, significantly enhancing both optical performance and energy yield.

As seen in Table 5, few experimental micro-tracking CPV prototypes have been thoroughly characterized in the literature, and data regarding
their optical performance remain scarce. The measured optical efficiency versus angle of incidence was reported for the prototype in [43], which
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Fig. 17. Solar micro-tracking with the proposed WiT-CPV under different AOI: a) in the zenith axis (without cell rotation) and b) in the azimuth axis (with cell
rotation).

Table 5
Comparison of different Integrated Micro-Tracking CPV Systems.
Ref. Cell movement mechanism AOI Topt Concentr. CR N&T Actuators Type
WIT-CPV (2025)  The solar cell movement is generated using three linear +50° > 80% 82.5% Yes  Three stepper Both
actuators: two for zenithal displacement (adjusting motors

seasonally) and one for azimuthal tracking and cell
rotation (changing daily). The zenithal actuators shift
the cell along a curved guide, following the solar
altitude, while the azimuthal actuator moves and
rotates the cell to ensure perpendicular alignment with
the incident sunlight.

[40] (2024) Solar cell moving across a flat surface, but no +40° (£70° at 78% 12.5% No NR Sim
mechanism reported. reduced efficiency)

[57] (2023) Solar cell plane translation via three-axis moving +50° 82% 180x No Three linear Both
platform actuated by linear actuators (x-y lateral and z actuators
focus) inside the module.

[10] (2023) Manual movable triple-junction solar cell within a fixed +50° > 80% for 10x & 10x & 82.5x  No NR Both
bi-convex aspheric lens. > 60% for 82.5x

[44] (2022) Integrated tracking with SMA actuators (3D movement). +35° 50-92% > 200x No SMA wires Both

[58] (2020) Planar micro-tracking shifting backplane relative to +55° ~ 80% 180x No NR Both
optics and chassis.

[41] (2018) Lateral displacement of receiver over fixed +45° 89.5% 50x No NR Sim
mirror-coated lenslet array.

[45] (2018) Glass sheet with solar cells translating laterally, NR NR NR No Three SMA Exp
actuated by SMA wires. wires

[46] (2018) Three-dimensional micro-tracking with ball-foot guide. +40° ~74% 127x No Two DC motors Both

[59] (2018) Magnetic technology for lateral movement of PV cells. +60° NR 180x No Magnetic Both

actuator

[43] (2017) Integrated planar micro-tracking using lateral sliding of +70° >90% 660x No Two stepper Both
a glass sheet. motors

[42] (2015) Planar micro-tracking with photovoltaics between +55° > 70% > 200x No NR Both

refractive and reflective lenslet arrays.

NR = not reported; Sim = simulation, Exp = experimental; Both = simulation and experimental; CR = cell rotation; N&T = Number and type.

employs a planar sliding mechanism with a glass sheet containing solar cells positioned between plano-convex refractive and reflective optics. While
the reported peak optical efficiency of 97.3% surpasses that of the WiT-CPV (80.2%), comparing optical efficiency trends across different incidence
angles reveals distinct advantages. Fig. 18 presents the normalized optical efficiency (i.e., the ratio of optical efficiency to its maximum value) as a
function of the angle of incidence for both prototypes. Notably, the prototype in [43] exhibits an initial efficiency decay from 0° to 25°, whereas the
WIiT-CPV maintains a more stable optical response in this range. Between 25° and 40°, both systems exhibit a comparable linear decay, suggesting
similar optical behavior. For higher incidence angles (40° to 50°), the Price et al. prototype performs better. However, since most solar energy is
harvested within the low to mid-range angles (0° to 25°) in real-world applications, the WiT-CPV system provides a more stable optical efficiency
profile, reinforcing its suitability for practical deployment.

7.7. Preliminary cost estimation of the WiT-CPV

A preliminary estimation of the cost per W), that a CPV system built with WiT-CPV modules could achieve can be obtained by considering
published standard costs. The global cost of a CPV system is expressed as [60]:
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A multi-junction solar cell cost of 40 $/Wp was reported in [61], which, considering 40% solar cell efficiency and a current currency exchange rate
of 1.16 $/€, corresponds to 13793 €/m?. The sum of module cost and tracking cost in conventional CPV systems is around 225€,/m? [60]. However,
the solar tracker is removed in WiT-CPV, so this quantity can be reduced by about 130-€/m? (solar tracker cost as reported in [62]), resulting in
95€/m?. A BOS cost of 55€/m? and an inverter cost of 0.11€/Wp can also be considered according to [60], where the Balance of System (BOS) cost
refers to all components and services of a photovoltaic system other than the solar cells and modules, including mounting structures, wiring, electrical
protection, and installation labor. The concentration of WiT-CPV is 82.5 x, and we can assume a system efficiency similar to that of conventional
CPV systems, i.e., around 30% [63]. Therefore, with a standard irradiance of 1000 W/m?, the estimated global cost of a WiT-CPV system could be
around 1.17€/Wp, which is comparable to standard fixed-structure crystalline silicon-based systems [64]. This means that a preliminary estimate
of the WiT-CPV cost makes it competitive compared to standard PV technology. However, the proposed technology offers additional advantages,
such as the possibility to be manufactured with transparent materials that allow diffuse light to pass through the modules, which can be valuable
in agrivoltaic or building-integrated systems. It is worth highlighting that this cost estimation is preliminary and intended to assess the economic
feasibility of the prototype. Further research and development are required to get a commercial product that verifies a cost level similar to that
predicted.

8. Discussion

The WiT-CPV system demonstrates significant efficiency improvements through its innovative micro-tracking mechanism, as validated by simu-
lation results (Section 7.5). By incorporating azimuthal cell rotation, the system achieves an annual energy increase of 3.15% and 2.87% compared
to non-rotating configurations in Aguascalientes (2,844 kWh/m?) and Jaén (2,188 kWh/m?), respectively. The WiT-CPV system’s adaptable design,
with optimized tilt angles set to the installation site’s latitude, ensures precise azimuthal alignment across a wide range and effective performance
at any latitude, not limited to high-DNI zones. This configuration maintains stable optical efficiency at low-to-moderate angles (0°-25°, Fig. 18),
supporting robust energy capture across diverse geographic locations while enabling effective performance despite varying irradiance levels. The
mechanical complexity involved in implementing azimuthal rotation is higher than that of a non-rotating prototype. However, the developed system
integrates cost-effective and easily manufacturable design enhancements. Therefore, the simulation of energy gains seeks to demonstrate that this
prototype—while maintaining minimal mechanical complexity—can achieve significantly higher energy harvesting performance at an estimated
system cost of 1.17 €/Wp, comparable to that of conventional crystalline silicon-based systems.

The WiT-CPV’s scalability is enhanced by its modular architecture, utilizing only three linear actuators and acrylic guides. This design enables
seamless expansion by adding guides to control multiple CPV arrays without the need for additional actuators, unlike most prototypes reported in the
literature (see Table 5), which lack straightforward scalability. The WiT-CPV system’s use of cost-effective materials (PMMA lenses, PET brackets)
enhances economic viability, particularly for agrivoltaic applications where high land costs necessitate dual-land-use solutions. By transmitting
diffuse radiation to support crop growth beneath the module, the system promotes sustainable farming in urban and rural settings, driving widespread
adoption of agrivoltaic systems across diverse regions.

The WiT-CPV prototype, as a proof-of-concept, validates robust micro-tracking along zenithal (+30°) and azimuthal (+40°) axes, with azimuthal
cell rotation ensuring perpendicular alignment to solar rays for enhanced energy capture. Unlike zenithal tracking, which omits cell rotation due to
marginal gains, azimuthal rotation significantly reduces reflective losses, boosting optical efficiency. The current implementation uses transparent,
non-final materials (e.g., acrylic) to demonstrate optical and mechanical viability in laboratory conditions, where long-term degradation and outdoor
durability remain unassessed. Future iterations will incorporate durable, weather-resistant materials with high optical transmittance and require field
trials to evaluate performance under temperature fluctuations, wind loads, and irradiance variations. Additionally, refining the tracking algorithm and
conducting a detailed cost analysis, including the levelized cost of electricity (LCOE), will enhance scalability and commercial viability, particularly
for agrivoltaic applications.

9. Conclusion

This study addressed CPV tracking challenges by developing and validating a proof-of-concept wide-acceptance-angle micro-concentrator photo-
voltaic system. The functional prototype, constructed from cost-effective materials such as PMMA and PET, integrated an innovative micro-tracking
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mechanism with azimuthal cell rotation, enabling precise solar alignment with minimal mechanical complexity. Laboratory assembly and opti-
cal/mechanical characterization confirmed its performance, marking the first micro-tracking CPV prototype with azimuthal cell rotation. Key results
include:

Novelty: The WiT-CPV is the first reported micro-tracking prototype in the literature to incorporate azimuthal CPV cell rotation, ensuring
perpendicular alignment with incident solar rays, significantly enhancing optical efficiency, and setting a new benchmark for micro-tracking
CPV systems.

Energy Gains: The WiT-CPV system demonstrated annual energy improvements of 3.15% in Aguascalientes, Mexico, and 2.87% in Jaén, Spain,
compared to non-rotating systems, with single-axis rotation capturing 72-74% of dual-rotation tracking gains.

Optical Performance: The prototype maintains stable optical efficiency at low incidence angles (0° — 25°), with performance comparable to top
literature results at 25° — 40°, ensuring effective energy capture.

Mechanical Simplicity: The system employs three linear actuators and cost-effective materials (PMMA lenses, PET brackets) to achieve wide
acceptance angles of +30° zenithal and +40° azimuthal, with azimuthal cell rotation ensuring perpendicular alignment with solar rays.
Agrivoltaic Potential: The use of transparent materials enables diffuse radiation transmission, supporting dual-land-use applications like agri-
voltaics.

Future work will involve integrating more durable materials, conducting outdoor field trials to evaluate long-term performance and material
degradation, optimizing control algorithms for closed-loop operation and energy savings, performing extrusion tests with various polymers, and
carrying out detailed cost analyzes, including the levelized cost of electricity (LCOE), to confirm commercial viability and techno-economic feasibility
under real industrial conditions.
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