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Abstract

Photovoltaic technology has experienced arapid increase in global capacity inrecent years,
becoming one of the renewable energy sources with the greatest potential. The operation
and maintenance of photovoltaic plants require inspection techniques to detect faults and
analyse degradation. Among the most common inspection methods for in-field modules
are current-voltage curve tracing, infrared thermography, and luminescence imaging.
Luminescence imaging (electroluminescence and photoluminescence) is particularly
valuable, as it reveals the internal structure of solar cells, enabling fault detection and
performance assessment.

Conventionalluminescence imaging relies on acquiring the electroluminescence signal
under dark conditions, requiring module disconnection, external power supplies, and
nighttime measurements. These requirements make the method invasive, slow, and
logistically complex. This thesis explores non-invasive, daylight-capable luminescence
imaging based on module-level electronic devices to overcome the main drawbacks of the
conventional technique.

Chapter | presents the research background and motivation for developing and
improving non-invasive luminescence imaging techniques, as well as the general and
specific objectives of the thesis, which are aligned with the following chapters. Chapter Il
provides the theoretical and technical background that facilitates a better understanding of
the subsequent chapters, especially for readers without deep expertise in the field.
Chapter lll reviews the state of the art of luminescence techniques in photovoltaic power
plants, highlighting the novelty of the proposed research.

Chapter IV describes the design and validation of an electronic architecture that
enables the modulation of both electroluminescence and photoluminescence signals. The
installation of this device at the module level allows electroluminescence and
photoluminescence imaging to be performed non-invasively. Furthermore, these
measurements do not require external power sources and can be carried out during
daytime operation of the photovoltaic plant.

In Chapter V, different strategies are explored to extract the luminescence signal from
the background generated by sunlight. First, time-domain processing is studied using two
approaches: a synchronous strategy, which requires continuous communication between
the developed electronic device and the camera; and an asynchronous strategy, which
does not require continuous communication and relies on an algorithm to automatically
classify the images. Secondly, frequency-domain processing based on the Fast Fourier
Transform is successfully validated, enabling effective background removal when
luminescence is modulated with any periodic waveform.

In Chapter VI, photoluminescence signal modulation is integrated into the topology of
a module-level photovoltaic optimizer. Additionally, current-voltage curve tracing is
incorporated. The resulting device integrates maximum power point tracking together with
photoluminescence modulation and current-voltage curve tracing in a non-invasive
manner, two inspection techniques that are conventionally invasive.

Finally, Chapter VIl summarizes the main conclusions of the thesis, highlighting its
innovations and key contributions.
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Resumen

La tecnologia fotovoltaica ha experimentado un rapido aumento de capacidad a nivel
mundial en los ultimos afios, convirtiéndose en una de las fuentes de energia renovable
con mayor potencial. La operacion y el mantenimiento de las plantas fotovoltaicas
requieren técnicas de inspeccidén para detectar fallos y analizar la degradacion. Entre los
métodos de inspeccidon mas comunes aplicados a los médulos en campo se encuentran el
trazado de curvas corriente-tension, la termografia infrarrojay la obtencién de imagenes de
luminiscencia. Las imagenes de luminiscencia (electroluminiscencia y fotoluminiscencia)
son especialmente valiosas, ya que revelan la estructura interna de las células solares, lo
que permite detectar defectos y evaluar el rendimiento.

La obtencién convencional de imagenes de luminiscencia se basa en la adquisicion de
la senal de electroluminiscencia en condiciones de oscuridad, lo que requiere la
desconexién de los médulos, fuentes de alimentacidn externas y mediciones nocturnas.
Estos requisitos hacen que el método sea invasivo, lento y logisticamente complejo. Esta
tesis explora una técnica de obtencién de imagenes de luminiscencia no invasiva y
operativa a la luz del dia, basada en dispositivos electrénicos a nivel de mdédulo, con el
objetivo de superar las principales limitaciones del enfoque convencional.

El Capitulo | presenta el contexto de la investigacién y la motivacién para desarrollary
mejorar las técnicas de obtencion de imagenes de luminiscencia no invasiva, asi como los
objetivos generales y especificos de la tesis, que se alinean con los capitulos posteriores.
El Capitulo Il proporciona los fundamentos tedricos y técnicos que facilitan una mejor
comprensién de los capitulos siguientes, especialmente para los lectores sin una
formacion profunda en el area. El Capitulo Il revisa el estado del arte de las técnicas de
luminiscencia aplicadas a plantas fotovoltaicas, destacando la novedad de la investigacién
propuesta.

El Capitulo IV describe el disefio y la validacién de una arquitectura electrénica que
permite la modulacién tanto de sefales de electroluminiscencia como de
fotoluminiscencia. La instalacidon de este dispositivo a nivel de mddulo posibilita la
obtencion de imagenes de electroluminiscencia y fotoluminiscencia de forma no invasiva.
Ademas, estas mediciones no requieren fuentes de energia externas y pueden realizarse
durante el funcionamiento diurno normal de la planta fotovoltaica.

En el Capitulo V se exploran diferentes estrategias para extraer la sefal de
luminiscencia del fondo generado por la luz solar. En primer lugar, se estudia el
procesamiento en el dominio temporal mediante dos enfoques: una estrategia sincrona,
gue requiere comunicacion continua entre el dispositivo electrénico desarrollado y la
camara; y una estrategia asincrona, que no requiere comunicacién continua y se basa en
un algoritmo que clasifica automaticamente las imagenes. En segundo lugar, se valida con
éxito el procesamiento en el dominio frecuencial basado en la Transformada Rapida de
Fourier, que permite eliminar eficazmente la sefal de fondo cuando la luminiscencia se
modula con cualquier forma de onda periddica.
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En el Capitulo VI, la modulacién de la sefal de fotoluminiscencia se integra en la
topologia de un optimizador fotovoltaico a nivel de moédulo. Ademas, se incorpora el
trazado de curvas corriente-tension. El dispositivo resultante integra el seguimiento del
punto de maxima potencia junto con la modulacién de fotoluminiscencia y el trazado de
curvas corriente-tension de manera no invasiva, dos técnicas de inspeccidon que
convencionalmente son invasivas.

Finalmente, el Capitulo VII resume las principales conclusiones de la tesis,
destacando sus innovaciones y contribuciones mas relevantes.
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Maximum Power Point Voltage
Open Circuit Voltage
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Chapter |

Introduction

1.1. Framework

Global warming is arguably the most urgent environmental issue requiring immediate
attention. It has already caused an increase of 1.47 °C in the average global temperature
since pre-industrial times [1]. The Intergovernmental Panel on Climate Change (IPCC)
indicates that limiting global warming to below a 1.5 °C increase could significantly reduce
the impacts and consequences of climate change [2]. This objective is reflected in
international cooperation through the Paris Agreement [3], a global accord signed by the
European Union and 193 countries. The agreement establishes a set of policies aimed at
limiting global warming to below 2 °C, with a preferred target of 1.5 °C.

Global warming is mainly driven by anthropogenic greenhouse gas emissions, which
reached a new record of 36.3 Gt of CO»-equivalent in 2024 [4]. Governments worldwide are
incorporating strategies into their policies to limit carbon emissions and achieve a net-zero
scenario by mid-century. Several sectors require profound transformations to reach this
goal. One of the most critical is the power sector, which accounts for 38.7% of global
emissions [4] and is currently undergoing a major transition, shifting from fossil fuels to
renewable energy sources.

Meanwhile, electricity demand continues to increase each year, as shown in Figure 1,
reaching 30,915 TWh of electricity generation in 2024 [5]. Currently, 41% of electricity
generation comes from greenhouse gas emission-free sources, while 32% corresponds to
renewable sources. Amongthese, hydropower leads with 14.2%, followed by wind and solar
technologies, accounting for 8.1% and 6.9%, respectively. As illustrated in Figure 1, the
latter two technologies have experienced a strong growth in recent years.
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Figure 1. Evolution of electricity generation by source from 2000 to 2024. Data adapted from EMBER [5].
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Photovoltaics (PV) is undergoing rapid growth in global capacity, which recently reached
2.2TW, in 2024 [6]. Additionally, forecasts indicate that PV will become the leading
renewable energy technology by 2029 [7]. This growth is largely driven by the reduction in
PV module manufacturing costs, which have plummeted from 2.0 USD/W, in 2010 to less
than 0.2 USD/W, in 2020 [8]. As PV modules are the most expensive hardware component
in utility-scale power plants, this cost reduction has allowed initial investment costs to fall
from 5,283 USD/kW, in 2010 to 691 USD/kW, in 2024 [9].

In fact, electricity generated by photovoltaics is currently the most cost-effective form
of power production, along with onshore wind energy, with a levelized cost of electricity
(LCOE) of 43 and 34 USD/MWh, respectively, in 2024 [9]. This reduction in LCOE is also
driven by the continuous improvement in solar cell technologies, with commercial silicon
PV modules achieving an average absolute efficiency increase of 0.3-0.4% per year [10]. As
a result, current commercial modules can reach efficiencies of up to 25% [10].

PV is not only deployed in utility-scale solar farms but also enables decentralized
generation through self-consumption systems, with strong potential for rooftop
installations in both urban and rural settings [11,12]. Furthermore, the modularity,
scalability, and relatively short installation times of PV systems make them highly suitable
for accelerating electrification in remote or off-grid areas, contributing directly to energy
access and resilience [13]. Finally, PV also stands out for its low carbon footprint, estimated
at 43 g of CO,-equivalent per kWh [14], positioning this technology as a powerful tool for
meeting global carbon emission reduction goals.

As installed PV capacity continues to grow, ensuring long-term performance and
reliability becomes increasingly important, making advanced monitoring and inspection
techniques a crucial part of PV operation and maintenance strategies [15-17]. PV modules
are exposed to various environmental stressors such as soiling, humidity, ultraviolet
radiation, hail, or extreme temperatures, among others [18]. These factors lead to
degradation rates typically ranging from 0.5% to 0.8% per year [19-21]; and can also result
in the development of faults such as microcracks, delamination, bypass diode failures,
disconnections, potential-induced degradation (PID), and so forth [18,21,22].

These faults not only reduce the power output of the PV system but can also pose safety
risks, including fire hazards [18]. Therefore, conducting periodic inspections of the PV field
to analyse both degradation and emerging faults becomes essential for optimizing system
performance. This includes inspections at various stages, from initial manufacturing to
end-of-life operation [23], such as post-production testing, inspections after
transportation, routine maintenance during regular operation, and assessments following
extreme weather events like hailstorms or strong winds.

As utility-scale PV installations continue to grow with new systems commonly
exceeding 100 MW, [24] (around 200,000 modules), inspection and advance monitoring
become increasingly challenging due to the vast number of modules that must be analysed.
In this context, field inspection techniques need to be fast and cost-effective to be feasible
as part of routine maintenance tasks [25]. Moreover, it is desirable for these inspection
methods to be non-invasive, meaning they do not require electrical disconnection or
system shutdown, and can therefore be performed during normal operation with null or
minimal impact on energy generation.
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In the context of advanced monitoring of PV systems, monitoring the electrical
parameters of these systems can aid in the detection of faults within the plants. Both
statistical methods [26] and artificial intelligence-based approaches [27-30] can be used
to automatically detect faults in PV plants by analysing the power output of the PV array
along with environmental parameters. Beyond advanced monitoring, whose effectiveness
depends on the level at which the plant is monitored (array, string, or module), inspection
techniques such as |-V curve tracing, thermography, and electroluminescence imaging
enable a more detailed analysis of the performance of each module.

Firstly, the measurement of the electrical characteristic curve of PV modules, known as
the current-voltage (I-V) curve, is quite common. |-V curve tracing is considered a valuable
tool for analysing the electrical behaviour of a module, including its power output and other
electrical parameters [21]. However, its main drawback is that it requires the disconnection
of the module to connect it to the testing device, making it an invasive technique with low
throughput.

On the other hand, infrared thermography is a non-invasive and contactless imaging
technique that can be performed during the normal operation of the PV system [31,32].
Thermal images reveal the temperature distribution of the module, enabling the detection
of thermal patterns that indicate the presence of faults. Moreover, the integration of infrared
thermal cameras into unmanned aerial vehicles (UAVs) has led to a fast and cost-effective
technique suitable for inspecting large numbers of PV modules [32-35]. Nevertheless, the
main drawbacks of infrared thermography are the need for a threshold irradiation level so
that defects generate thermal gradients revealing faults, and the low spatial resolution due
to heat distribution across the solar cells, which hinders the detection of minor defects.

Luminescence, which includes both electroluminescence (EL) and photoluminescence
(PL), is another imaging technique, based on capturing the electromagnetic emission
generated by the solar cells [36,37]. These images reveal the internal structure of the cells,
enabling the detection of a wider range of faults compared to previous techniques as well
as a better understanding of the optical and electrical performance of the PV solar cells
[38]. While EL and PL imaging are standard and widely used techniques in laboratories and
manufacturing facilities worldwide, their application in field inspections is limited by
certain technical constraints, including their invasive nature and the need for an external
energy source to generate the luminescent signal [36,37,39].

In this context, the exploration of novel methods and techniques that overcome the
main limitations of conventional luminescence imaging has gained increasing interest
within the scientific community. In the present thesis, a novel non-invasive luminescence
imaging method, encompassing both EL and PL, is investigated.
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1.2.

Objectives

The main objective of the present thesis is to develop and validate a non-invasive
technique for EL and PL imaging, based on an electronic device integrated at the module-
level that does not require external energy sources.

This main objective can be broken down into the following specific objectives:

1.

Analyse the limitations of conventional EL and PL techniques, as well as review
different and novel methods proposed by the scientific community. This objective is
addressed in Chapter Il (State of the Art).

Design and validate an embedded electronic architecture that enables EL
modulation using the current generated by the PV string and PL modulation using
sunlight as the excitation source. This objective is addressed in Chapter IV (Design
of Module-level Electronics for Non-Invasive Luminescence Sighal Modulation).
Develop and validate image processing approaches capable of extracting the
luminescence signal from background noise generated by sunlight. This objective is
addressed in Chapter V (Luminescence Imaging Acquisition Processing).

Integrate the proposed non-invasive luminescence technique into module-level
solar optimizer topologies, along with non-invasive |-V curve tracing. This objective
is addressed in Chapter VI (Integration of Non-lnvasive PL and |-V tracing
Functionalities into a Module-Level PV Optimizer).
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Chapter i

Theoretical and Technical Framework

This chapter provides the theoretical framework and technical background necessary
to understand the developments and research presented in the subsequent chapters. First,
the concept of the |-V curve is introduced to describe the electrical behaviour of a PV
module. Second, the nature of the luminescence signal is discussed, including its
generation mechanisms and the sensors used for its detection. Third, the lock-in detection
technique is explained, which enables the measurement of weak signals superimposed on
stronger ones. In the context of this thesis, the lock-in technique allows the extraction of
the luminescence signal from the background signal generated by sunlight, which is
significantly more intense. Finally, since the thesis involves the development of a module-
level solar optimizer, the concept of maximum power point tracking (MPPT) is addressed,
with a particular focus on the buck converter topology, which has been selected to integrate
both I-V curve tracing and luminescence measurement functionalities.

2.1. I-VCurve

The electrical performance of a PV module is characterized by its I-V curve, which
describes the relationship between the output current and voltage of the module under
specific operating conditions [21,40]. This curve defines all the possible operating points of
the module, ranging from short-circuit conditions (maximum current and zero voltage) to
open-circuit conditions (zero current and maximum voltage). A typicalilluminated [-V curve
for a PV module is shown in Figure 2, indicating the short-circuit current (lsc) and the open-
circuit voltage (Vo).

Since the output power of the module is the product of current and voltage, a power—
voltage (P-V) curve can also be defined. In this curve, no power is delivered under open-
circuit (OC) or short-circuit (SC) conditions. The curve exhibits a clear maximum
corresponding to the point where the power output is highest. This point is known as the
maximum power point (MPP), and it is defined by current (Iupp) and voltage (Vmee) at which it
occurs.

—— |-V Curve
—— P-V Curve

Isc m

IMPP = = == = e e

Current [A]
Power [W]

Voltage [V] Ve Voc

Figure 2. Typical illuminated current-voltage (I-V) and power-voltage (P-V) curves of a PV module.
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As previously explained, measuring the |-V curve is essential for obtaining quantitative
information about the electrical behaviour of a PV module. Comparing the measured |-V
curve with previous measurements or with the manufacturer's specifications is a valuable
tool for monitoring degradation and detecting faults [15,21].

The |-V curve has a dynamic nature, showing significant variations depending on the
module's operating conditions [41]. The two main parameters that influence the shape of
the |-V curve are irradiance and temperature. Figure 3 shows a set of -V curves under
different irradiance and temperature conditions.

Irradiance has a direct impact on lsc, which is approximately proportional to the
irradiance level. It also affects Voc, although to a lesser extent; a slight decrease in Voc is
typically observed as irradiance decreases. Temperature also affects the shape of the I-V
curve. While Isc increases slightly with temperature, typically by about +0.05 %/°C in
commercial silicon modules, the effect on Voc is much more significant. Voc decreases with
increasing temperature at an average rate of approximately -0.3 %/°C to -0.4 %/°C in
commercial silicon modules.

— 1000 W/m? —— 20°C
750 Wim? \ 0°C

— 500 W/m? — 20°C

— 250 W/m? ] — 40°C
= 2]
g g
3| 3]

Voltage [V] ‘ I Voltage [V] ‘
a) b)

Figure 3. Set of I-V curves under different irradiance values at the same temperature (a) and set of |-V curves
under different temperature values at the same irradiance (b).

2.2. Luminescence Signal Nature and Acquisition

Luminescence imaging for photovoltaic applications, which is based on the use of
camera sensors, requires an appropriate excitation source, which leads to two different
signal generation mechanisms and, consequently, two types of images [42,43]. The first
mechanism, electroluminescence (EL), involves electrical excitation, where a forward-bias
(FB) current is injected into the photovoltaic device. The second mechanism,
photoluminescence (PL), relies on optical excitation, in which the device is illuminated with
suitable light. Although both EL and PL imaging provide similar information, EL images
primarily reveal the electrical behaviour of the solar cells, whereas PL images are more
indicative of the quality of the cell structures [39,44].

As illustrated in Figure 4, the EL signal can be approximated as having a linear
dependence on the forward-bias current, while the PL signal depends exponentially on the
operating voltage of the PV device, reaching its maximum at Voc. Moreover, the PL signal
also exhibits a linear dependence on irradiance [45]. It should be noted that under dark
conditions, any applied voltage to the photovoltaic device generates a forward-bias current
and, consequently, EL signal. When a forward-bias current is injected, the device operates
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in the fourth quadrant as a load, and EL and PL emissions are superimposed if the PV
module is under illumination.
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Figure 4. Typical illuminated |-V curve of a PV module under standard test conditions (STC), showing its
behaviour in the first and fourth quadrants, along with PL and EL emissions as functions of the module
operating voltage. Data obtained from LTspice simulations.

For proper luminescence signal capture, it is essential to know its emission spectrum,
which can vary significantly depending on the semiconductor material that makes up the
solar cells [37]. Figure 5 shows the normalized emission spectra of different materials used
in PV solar cell applications. For the purposes of this thesis, the focus will be on
luminescence emission in crystalline silicon (c-Si) cells, as this technology represents
approximately 95% of the commercial module volume in the market [46], followed by
Cadmium Telluride (CdTe) and amorphous silicon (a-Si). Crystalline silicon PV modules
exhibit a luminescence emission peak around 1,150 nm, outside the visible range and
within the near-infrared (NIR) region, also known as short-wave infrared (SWIR).

Figure 5 also includes a reference solar spectrum [47]. Between 1,100 nm and
1,200 nm, the solar irradiance drops due to one of the H,O absorption bands, which
coincides with the luminescence spectrum for crystalline silicon.

Considering that the luminescence sighal peaks around 1,150 nm, two types of
commercial sensors can be used for its acquisition [48]. First, both charge-coupled device
(CCD) and complementary metal-oxide-semiconductor (CMOS) silicon-based sensors are
commonly used for this purpose. As shown in Figure 5, silicon-based sensors have high
efficiency within the visible range but exhibit very low quantum efficiency in the NIR region
corresponding to the luminescence signal. This limitation necessitates a completely dark
environment and long exposure times to capture the signal effectively.
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On the other hand, InGaAs (Indium Gallium Arsenide) based sensors exhibit high
quantum efficiency within the NIR region, making them ideal for capturing this signal.
However, InGaAs sensors tend to have lower resolution and higher costs compared to
silicon sensors. The main features of both silicon and InGaAs cameras are summarized in
Table 1.

Normalised emission [A.U.]

Quamtum efficiency [%]
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Iradiance [W/mZ2/nm]

0.0

400

— cSi

Solar spectrum (ASTM G173-03)

T T T
500 600 700

T T T T T T
800 900 1000 1100 1200 1300
Wavelength [nm]

T T T
1400 1500 1600 1700

Figure 5. Normalized luminescence emission of different solar cells (a) [32], quantum efficiency of the sensor
used (b) [32], and ASTM G173-03 reference solar spectrum (c) [47].

Note that recent developments in germanium-based SWIR imaging array sensors
represent a promising technology [49]. Although no commercial cameras are currently
available, their simpler fabrication process compared to InGaAs detectors could lead to
cameras up to 20 times cheaper, which are likely to be introduced to the market soon [50].

Table 1. Main features of sensors used for luminescence applications: silicon and InGaAs sensors.

Silicon sensors

InGaAs sensors

Quantum efficiency (1,150 nm) = 1%

>60%

Sunlight sensitivity

High sensitivity

Medium sensitivity

Exposure time

Long exposure time

High exposure time

Resolution High resolution Low resolution
Price Low High
Applications Dark measurements Dark/Daylight measurements
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Another important aspect of luminescence emission is the signal intensity, which
determines the conditions required for its acquisition, especially under daylight. Within
crystalline silicon PV modules, various cell technologies exist. Although all crystalline
silicon technologies share an emission peak at around 1,150 nm and similar normalized
emission spectra, there are significant differences in signal intensity [51], as shown in
Figure 6.
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Figure 6. Spectrum of different crystalline silicon PV modules technologies in linear scale (a) and logarithmic
scale (b). Signal capture under Isc forward-bias current. Data adapted from [51].

Traditionally, multicrystalline and monocrystalline silicon PV modules have dominated
the market [52]. These base technologies exhibit very weak luminescence emission, with
monocrystalline cells showing luminescence signal intensities approximately 20% higher
than those of multicrystalline ones. In recent years, improved cell architectures such as
passivated emitter and rear cell (PERC) designs have been introduced [53]. PERC cells
incorporate a rear-side passivation layer that enhances carrier recombination properties
and can be implemented on both monocrystalline and multicrystalline wafers. This
modification results in luminescence signal intensities approximately one order of
magnitude higher than those of conventional monocrystalline and multicrystalline cells,
corresponding to increases ranging from 970% to 1,450% compared to standard
multicrystalline and monocrystalline cells. Finally, interdigitated back contact (IBC)
architectures, currently used mainly in high-end commercial PV modules, also rely on
monocrystalline or multicrystalline silicon substrates [52]. Due to their advanced contact
and passivation configuration, IBC cells exhibit even stronger luminescence emission,
reaching signal intensities up to two orders of magnitude higher (around 7,320% greater)
than those of conventional multicrystalline and monocrystalline technologies.

Figure 6 also illustrates how weak the luminescence signal is compared to sunlight,
which can reach irradiance levels exceeding 1,000 W/m?>. The integration of the spectra
presented in Figure 6 allows for the calculation of the total irradiance generated by each
technology, which corresponds to 0.0315W/m? for monocrystalline, 0.0375 W/m? for
polycrystalline, 0.3025-0.4378 W/m? for PERC, and 2.2381W/m? for IBC. This large
difference represents one of the main challenges when performing EL and PL imaging under
daylight conditions.
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To improve the ratio between the luminescence signal and the sunlight background
during daylight measurements, optical filters can be used to selectively reduce the amount
of sunlight captured by the camera. Two types of filters can be implemented [54]:

= Long-pass filter: A filter that blocks light with wavelengths shorter than a certain
cutoff value, allowing only longer wavelengths to pass through.

= Band-pass filter: A filter that allows light within a specific range of wavelengths to
pass through, while blocking both shorter and longer wavelengths outside that
range.

In the context of luminescence measurements under daylight conditions, the use of
filters is essential to obtain a sufficiently high luminescence signal and to produce images
with adequate quality, especially in monocrystalline and multicrystalline modules, where
luminescence intensity is particularly low.

2.3. Lock-in Detection Technique in Luminescence Imaging

As previously explained, the luminescence sighal is much weaker than the background
signal generated by sunlight. As a result, the signal to be imaged is of the same order of
magnitude as the noise present in the measurement. In this context, lock-in detection is a
signal processing technique specifically designed to extract weak signals buried in noise.
By applying periodic modulation to the signal, it becomes possible to isolate it from the
background, effectively eliminating the influence of noise.

Lock-in approaches for EL and PL imaging under high irradiance conditions are based
on capturing pairs of measurements in which the luminescence signal is alternately high
and null or low. By subtracting these two measurements, it is possible to extract the
luminescence signal. However, since the noise level is comparable to the signal itself, it is
necessary to repeat this process multiple times in order to statistically minimize the effect
of noise. Increasing the number of measurement pairs improves the signal-to-noise ratio
(SNR) by reducing the impact of random noise.

To illustrate this technique, an example is shown in Figure 7. It includes a total of 20
measurements acquired by alternating between high and null luminescence values.
Measurements with odd indices capture only the background signal, while those with even
indices include both the background and the luminescence signal.
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Figure 7. Example of signal evolution in a sequence of luminescence images using the lock-in technique.
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The calculation of the luminescence signal after background subtraction (Signalg; p;)
can be performed using Equation (1), where N is the total number of measurements, M,
represents the measurements at even indices (where the luminescence signal is present),
and M, represents the measurements at odd indices (where the luminescence signal is
absent). Since the measurement is based on images, this process must be performed

individually for each pixel across the entire image sequence.

. 2 2
Signalgy/p, = N z M; N Z M; ey

i€even j€odd

It is also important to note that the background signal generated by sunlight
continuously changes, as irradiance varies over time. Therefore, it is desirable to acquire
the image sequence as quickly as possible. Moreover, the fact that the measurements
alternate between high and null luminescence signals helps minimize the effect of

changing irradiance.

2.4. Maximum Power Point Tracking
It has been explained that a PV module can operate in any of the points that make up its
I-V curve, with a single point, known as the MPP, where the power output is maximum. The
working point of the PV module is determined by the load connected to it. Figure 8 includes
a typical |-V curve of one solar module and several lines corresponding to different loads.
These lines are defined as lines with a slope equivalent to the inverse of the load
impedance; and its intersection with the I-V curve determines the working point.
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Figure 8. Typical I-V curve of a PV module and load lines defined by the inverse of the load impedance. The
working point of the PV module is determined by the intersection of the load line and the |-V curve.

This, combined with the fact that the |-V curve varies with environmental parameters
such as temperature and irradiance, has led to the need for power electronic converters
capable of varying their input impedance with a constant load at the output, thus enabling
the implementation of a maximum power point tracking (MPPT) algorithm. [55,56]. This task

can be performed in different hierarchical levels:
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= PV array-level MPPT: a single converter performs MPPT for an entire PV array
composed of several strings connected in parallel, where each string consists of
approximately 20-30 modules in series. This centralized strategy allows one
converter to manage more than 2,000 modules, with a total nominal power
exceeding 1 MW,. The converter is typically integrated into a central PV inverter,
making this approach the most used in utility-scale PV power plants.

= PV string-level MPPT: a single converter performs MPPT on a single PV string, which
typically consists of 10-30 modules connected in series. These converters generally
have nominal power ratings between 2 to 20 kW, and are typically integrated into
string inverters. Although this strategy is less common in utility-scale PV plants, itis
widely adopted in small-scale residential and industrial PV systems.

= PV module-level MPPT: a single converter performs MPPT on an individual PV
module, typically handling power between 300 and 800 W,. This approach is
increasingly being adopted in the residential sector and is usually implemented
through two types of converters: module-level PV optimizers and PV microinverters
[57].

From an economic perspective, centralized MPPT strategies based on central inverters
offer a lower initial investment cost [58]. However, this approach can only optimize the
aggregated |-V curve of the entire PV array. As a result, individual modules will operate at
their respective MPP only if their |-V characteristics are identical. In practice, even when
using modules of the same model, variations in I-V behaviour may arise due to factors such
as manufacturing tolerances, partial shading, uneven soiling, non-uniform aging, or the
presence of faults. These inconsistencies lead to mismatch losses, which ultimately reduce
the total power output of the PV plant [59,60].

2.5. Buck Converter Topology

There are several power electronics topologies that can be used to develop converters
capable of tracking MPP. Below, the buck converter topology is described, as it has been
selected for the development of a module-level PV optimizer that integrates |-V tracing and
luminescence functionalities.

Figure 9 shows the topology of a buck converter, which consists of a switching element
(SW), adiode (D), and a low-pass filter composed of an inductor (L) and a capacitor (C). For
further analysis, the converter is powered by a voltage source at the input and supplies a
load at the output.
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Figure 9. Power topology of a step-down (buck) converter.
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The switching element, typically a MOSFET (Metal-Oxide-Semiconductor Field-Effect
Transistor) or IGBT (Insulated Gate Bipolar Transistor), is controlled by a periodic logic signal
known as a pulse-width modulation (PWM) signal. This periodic signhal has a fixed frequency
but can vary its duty cycle, which is the ratio between the time the switch is on (ton) and the
total switching period (ton + tore). Therefore, the duty cycle (d) is defined by Equation (2).

d= ton
torr t ton

(2)

Figure 10 shows the main waveforms of a buck converter. On the one hand, when the
switch is on, the voltage at the switching node (Vsw) equals the input voltage (Vin). On the
other hand, when the switch is off, Vsw drops to zero. Since the ratio between ton and total
period can be adjusted through the duty cycle, itis possible to generate a controlled square-
wave voltage at the switching node. Additionally, implementing a low-pass LC filter
composed of an inductor and a capacitor allows the voltage and current seen by the load
to be averaged.
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Figure 10. Typical waveforms of buck converter: control signal of the switch element, voltage at switching node
(Vsw), inductor current (1), diode current (Ip), and switch current (Isw).

An LC low-pass filter is characterized by its cutoff frequency (fc) defined as the
frequency at which the filter begins to attenuate the input signal. In such a filter, the cutoff
frequency marks the boundary between the frequency range that is transmitted with
minimal attenuation and the range that is progressively suppressed. The cutoff frequency
depends on the values of the inductor (L) and the capacitor (C); and is given by Equation (3).
Therefore, the LC low-pass filter must have a cutoff frequency lower than the switching
frequency of the control signal. This also implies that increasing the switching frequency
allows for a reduction in the size of the filter components.
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During the time the switch is on, current flows through the inductor, linearly increasing
as the inductor stores energy. During the off time, current flows through the diode, and the
inductor discharges. This inductor ripple (Al,) is defined by Equation (4), where d is the duty
cycle and f is the switching frequency. The output voltage ripple (AVour) can also be
calculated using Equation (5).

fe (3)

V, -(1-d
Al = —OUTL Ff ) (4)
Al
AVOUT=8_L'C (5)

The buck converter only allows voltage reduction, with the output voltage defined by
Equation (6). Since the duty cycle is limited to values between 0 and 1, it is not possible to
increase Vour above V.

Vour =Vin - d (6)

In practical terms, the presented topology is completed with an input capacitor (C) to
filter the input current. Moreover, it is possible to replace the diode in the buck converter
with another switching element, known as a synchronous switch, resulting in the
synchronous buck topology. When current flows through the diode, a voltage drop occurs
across it, leading to power losses. Replacing the diode with a controlled switch reduces this
voltage drop to nearly zero, thereby increasing the overall efficiency. The main switch and
the synchronous switch operate in a complementary manner, meaning that when one is on,
the other is off. This complementary operation is crucial to prevent both switches from
conducting simultaneously, which would cause a shoot-through condition. Such a
condition can result in converter malfunction, reduced efficiency, and potential damage to
the hardware.

The topology of the synchronous buck converter is shown in Figure 11. In this
configuration, both switches form a half-bridge, and can therefore be referred to as the high-
side switch (H-SW) and the low-side switch (L-SW).

L
o o/ o Y YY) o
+ H-SW +

Cout g
Vin ——= L-SW —  Vour o

Cin T
- | _

Figure 11. Synchronous buck converter power topology.
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Chapter
State of the Art

As the main objective of the present thesis is to design a non-invasive technique for EL
and PL imaging based on a module-level electronic system, a detailed review of different
methods for obtaining EL and PL measurements in field-deployed modules is presented.
The techniques have been classified into two groups: those that require acquisition under
dark conditions and those that are suitable for environments with daylight. A general
overview of the identified techniques is shown in Figure 12.
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® Invasive method ® Non-invasive method
Figure 12. Overview of EL and PL imaging techniques for field-deployed PV module inspections.

Figure 12 also presents a distinction between EL and PL techniques. EL imaging is most
performed under dark condition, PL approaches are more frequently used in daylight
environments, as PL can utilize sunlight as an excitation source, an advantage in outdoor
measurements. It is worth noting that some EL methods designed for dark conditions can
also be implemented during daytime, by creating an artificial dark environment. In daylight
luminescence imaging, both EL and PL approaches typically rely on image sequence
acquisition combined with lock-in detection techniques, apart from one novel method that
enables PL imaging with a single camera shot, which will be discussed later.

After presenting all EL and PL approaches, the integration of UAVs into luminescence
imaging will be briefly addressed. Finally, a summary and general conclusion of
luminescence techniques applied to field-deployed modules will be provided.
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3.1. Luminescence Techniques under Dark Conditions

As explained in Chapter Il, the luminescence signal intensity is significantly lower than
the solar irradiance. Therefore, performing luminescence measurements under dark
conditions is simpler and more effective. Such conditions allow the acquisition of EL or PL
images with a single camera shot, enabling high-speed and straightforward image capture.
Additionally, dark conditions allow the use of inexpensive silicon-based cameras. Below,
luminescence techniques that require a dark environment are discussed. Four of them
correspond to EL imaging, while one is based on PL imaging.

Conventional Dark Electroluminescence

Traditionally, EL images in PV power plants have been taken during nighttime using a
power supply as the excitation source [21]. Nighttime EL imaging has been preferred since
it is more practical to use a power supply than a uniform lighting device for PL emission.
Moreover, this light can introduce noise in the final image.

IEC 60904-13 [61] includes requirements for acquisition, analyse and interpretation of
EL images in PV modules. It is recommended to perform measurements under a forward-
bias current corresponding to Isc. Therefore, it is needed to use a power supply that can
manage lsc of the PV module, and a voltage a bit higher than Vo of the module. Note that it
is feasible to induce EL signal in one PV string or array if the power supply can handle with
Isc and Voc of the total system.

In ELimaging, itis possible to use a metric to quantitatively analyse image quality in dark
environments. This metric is known as signhal to noise ratio (SNR) and its calculation is
shown in Equation (7) [62].

% (05 - (ELy (k) + EL, (k) — BG(k))

SNR = T (7)
e <|EL1(k) — EL, (k)] V05 - (%) )

Where k denotes the pixel index, EL; and EL, correspond to two images acquired under
forward-bias current, and BG is an image captured with the panel unpowered. A higher
value than SNR of 5 is considered as a good quality EL image [62]. It is recommended to
calculate the SNR after cropping the module surface, since pixels corresponding to areas
outside the module can contribute to lowering the overall SNR.

The limitations of this technique regarding its implementation as a mainstream method
in utility-scale PV power plants can be summarized in three main aspects. First, nighttime
acquisition is undesirable due to potential adverse weather conditions, safety concerns,
and the need to transport lighting equipment. Second, the use of a power supply is
inconvenient, as it requires a battery system or generator to operate. Finally, module
disconnections are necessary to connect the PV module or string to the power supply. All
these factors contribute to conventional nighttime EL imaging being a low-speed and low-
throughput technique that does not meet the requirements for inspecting the thousands of
modules in utility-scale PV power plants.
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Bidirectional Inverter

Bidirectional inverters offer a potential solution for enabling EL signal generation in PV
modules PV inverters are power electronic devices that convert the direct current (DC)
generated by a PV system into alternating current (AC) with frequency, amplitude, and
phase matched to the grid, thereby allowing grid-connected operation. Conventional PV
inverters do not permit bidirectional current flow due to their internal topologies. However,
itis possible to design and operate bidirectional inverters capable of injecting forward-bias
current into the PV array, thus enabling EL imaging without requiring module disconnection
[63]. So far, this concept has been experimentally validated only at night, but in theory, it
could also enable EL imaging during daylight.

While EL acquisition without the need for a power supply or module disconnection
represents a significant advantage over conventional dark EL imaging, the higher
investment cost associated with bidirectional inverters, along with the requirement for
multiple breakers in the PV array to selectively energize specific sections of the PV plant,
are the main limitations of this approach.

It is important to highlight that PV power plants hybridized with battery storage systems
require bidirectional power flow between the power plant and the grid [64], which may
facilitate the integration of bidirectional inverters and, consequently, the implementation of
the present technique. Additionally, although less critical, bidirectional inverters can also
be used to intentionally heat the PV modules, enabling active thermographic inspections
[31] and snow melting [65]. This contributes to increased energy output and reduced risk of
mechanical damage caused by snow accumulation.

Protective Box

As nighttime measurements are not desirable, it is possible to create an artificial dark
environment to enable EL acquisition during daytime. These approaches rely on opaque
enclosures or tents made of light-blocking materials that allow dark conditions to be
achieved [37], with the EL signal generated using a power supply.

Although this setup facilitates daytime EL imaging, module disconnection is still
required, and transporting and deploying tents or shielding structures introduces logistical
complexity that reduces measurement throughput.

Mobile Electroluminescence Laboratory

Another approach that enables EL measurements during daytime under artificial dark
conditions is the use of a PV mobile laboratory. This laboratory typically consists of a truck
or van in which PV modules are disconnected and disassembled to carry out various tests,
including EL imaging, |-V curve tracing, electrical insulation testing, and infrared
thermography [66,67].

This method allows comprehensive characterization of PV modules with high-quality
standards without the need to transport the modules outside the PV plant, saving time and
minimizing the risk of damage. However, it still requires both disconnection and
disassembly of the modules, which can be time-consuming and labour-intensive.
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Nighttime Photoluminescence with Artificial Lighting

Although less common than nighttime EL measurements, PL imaging can also be
performed at night [68,69]. In this case, a power supply is not required as excitation source.
Instead, a lighting device is used to induce the PL effect while the module operates under
OC conditions. The use of an artificial lighting system allows the light spectrum to be
tailored to match the quantum efficiency of the solar cell material, thereby enhancing PL
signal generation. Moreover, it also enables the selection of wavelengths that are outside
the sensor’s detection range, which can introduce noise into the final PL image.

In comparison with nighttime EL imaging using a power supply, PL imaging offers the
advantage of not requiring module disconnection, thereby increasing measurement speed.
Nevertheless, the lighting system must be transported throughout the PV plant, along with
its power supply and battery, which adds logistical complexity. Additionally, it is desirable
to use a homogeneous lighting source that provides a constant light intensity over the plane
of the PV module, whose design and implementation can be technically challenging.

3.2. Luminescence Techniques under Daylight Conditions

Luminescence imaging in PV power plants can also be performed under daylight
conditions. Since the intensity of the luminescence signal is significantly lower than that of
sunlight, a lock-in detection technique must be applied to suppress the background signal
generated by solar irradiance (see Chapter Il). The implementation of this technique
requires modulation of the luminescence signal, along with the acquisition of a sequence
of images for subsequent processing and background subtraction. It is important to note
that luminescence imaging under high irradiance conditions requires the use of InGaAs
cameras and optical filters to enhance the ratio between the luminescence signal and the
background signal caused by sunlight.

It is worth noting that daylight acquisition enables the use of sunlight as the excitation
source for PL emission, eliminating the need for an external power supply or artificial
lighting system for luminescence imaging. All daylight techniques discussed below are
based on the lock-in principle, differing primarily in how the EL or PL signal is modulated.
An exception is the final technique presented, which does not require signal modulation
and thus only requires a single image for analysis.

Daytime Electroluminescence with Power Supply

EL signal modulation can be achieved using controlled power supplies that alternate
between forward-bias current and OC conditions in the PV module under test [70-72].
Depending on the maximum voltage, current, and power ratings of the power supply, it is
possible to modulate an entire PV string or even a full array simultaneously. This approach
can be advantageous, as a single disconnection and cable reconfiguration may be
sufficient to measure multiple PV modules, thereby increasing measurement speed and
efficiency.

Itis worth noting that the DaySy system [73] has emerged as a commercial solution. This
system is based on an electronic box that can be powered by one or several PV strings and
enables EL modulation in another PV string. Additionally, the electronic box can short-
circuit the PV string, making PL signal modulation possible as well. However, this approach
remains an invasive method, as disconnections are still required.
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Self-Sourced Electroluminescence

Another technique that enables EL signal modulation is based on an electronic device
connected directly to the module [74]. It incorporates a boost converter stage and several
switches that charge a capacitor to a voltage higher than the module’s Voc, which is then
discharged into the module to induce a forward-bias current. This configuration allows the
periodic modulation of the EL signal required for lock-in detection.

The method stands out for its ability to generate the EL signal without the need for a
power supply, as it uses the energy generated by the module itself to induce the EL effect.
In contrast, the technique is limited by its slow acquisition speed, which canreach upto 10
minutes per module. Furthermore, the electronic device cannot be integrated into the PV
string, making it necessary to disconnect the module prior to EL testing.

Daylight Photoluminescence (External electrical modulation)

Similar to daytime EL with a power supply, it is possible to modulate the PL signal using
an electronic system connected to the PV system that alternates between OC and SC
conditions [70], where PL emission is high and low respectively, thus enabling PL
modulation. In fact, the previously mentioned DaySy system [73] includes this functionality.

Although disconnection is still required, an electronic system that allows switching
between OC and SC is much simpler, less bulky, and cheaper than a power supply.
Additionally, it does not require a significant amount of energy from batteries or a generator,
thereby reducing the complexity of the acquisition set-up.

Daylight Photoluminescence (Internal electrical modulation)

Electronic devices can be designed and installed within PV power plants. These devices,
based on switches, can be strategically placed throughout the plant to alter the operating
points of multiple PV modules for proper PL sighal modulation [75]. The permanent
installation of such devices allows measurements to be performed without requiring
module disconnections.

For PV string inverter configurations, the electronic device must be installed in parallel
with the appropriate number of modules. The device can bypass the group of modules.
When the PV modules are bypassed, the inverter voltage does not drop immediately,
causing the remaining modules in the string to increase their operating voltage. If the
number of bypassed modules is adequate, the voltage in the remaining modules can reach
OC conditions. Without bypassing, the full string operates at MPP. Alternating between
these two states enables PL modulation.

For PV array inverter configurations, electronic devices are installed in series with each
PV string. The device can individually isolate any string, setting it to OC conditions. Strings
that are notisolated have all their modules operating at MPP. Alternating between these two
states enables PL modulation.
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Daylight Photoluminescence (Optical modulation)

It is possible to achieve luminescence signal modulation without disconnections by
using a system that controls the lighting level on several strategic cells of the module
[76,77]. One lighting module is installed to cover a single solar cell, blocking sunlight. When
the lighting module is off, no current is generated by that solar cell, setting it and all cells in
the same substring to OC conditions. Since PV modules typically have several substrings
(commonly 3), multiple lighting modules are required to set OC conditions across the entire
module. Conversely, if the lighting modules provide irradiance equivalent to the ambient
level, all cells operate at MPP. Alternating between OC and MPP conditions enables PL
signal modulation, which also allows lock-in integration.

The main advantage of this technique is that sunlight is used as the excitation source,
and no disconnections are required. However, this method presents several challenges and
limitations. First, multiple lighting modules are needed to image a single solar module.
Second, two measurements are required to capture the PL signal from all the solar cells of
the module. Finally, the system requires manual installation of the lighting modules, which
reduces the overall throughput of the technique.

To overcome these limitations, it is possible to modulate the PL signal of an entire PV
string by installing lighting modules on only a fraction of the modules in that string [78,79].
This system is only applicable in large PV plants where a single MPPT system controls a large
PV array. The large inverter system sets a common voltage for all the strings in the array.
When several modules within one string are induced to OC by the lighting modules, current
in these modules flows through bypass diodes. As a result, the remaining modules increase
their voltage to maintain the common strings voltage set by the inverter. This voltage
increase toward Voc allows the remaining modules to reach OC conditions if an adequate
number of modules are bypassed. This method enables PL modulation across the entire
string without disconnections and with higher throughput.

Daylight Photoluminescence (Inverter modulation)

PV inverters can also be used to change the operating point of the PV system, enabling
PL signal modulation. During MPP conditions, the PL signal is nearly null, whereas it
reaches its maximum under OC conditions. This method stands out for its non-invasive
nature and the fact that it does not require any additional hardware to achieve PL
modulation.

Depending on the inverter characteristics and control parameters, the transition
between OC and MPP can be fast enough to enable proper periodic PL modulation, allowing
the implementation of the lock-in technique [80].

Conversely, some inverters require several seconds (around 5-6 s) to switch from OC to
MPP. In such cases, PL signal modulation is too slow [81,82], and the resulting long
measurement times are negatively affected by changes in irradiance. As an alternative, a
batch measurement approach can be implemented [83], involving a single switching event:
first acquiring all images under null PL emission, followed by all images under high PL
emission. Additionally, to improve image quality, irradiance can be measured for each
frame within the sequence, allowing normalization to minimize the impact of irradiance
fluctuations.
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Daylight Photoluminescence (I-V curve sweep modulation)

This technique is based on the capability of some PV inverters to trace the |-V curves of
PV strings [84,85]. During the I-V sweep, the modules operate at two reference points where
the PL signal is null and high. Before the sweep begins, the inverter sets SC conditions,
where the PL signal is negligible. The I-V curve is then swept from SC to OC, reaching the
point where the PL signal is maximized. If a sequence of images is captured just before and
after the |-V curve sweep, it is possible to extract the necessary frames for further
processing using a batch approach.

Although this method enables non-invasive measurement, it is limited by a key factor:
the time spent at SC and OC conditions is dictated by the nature of the I-V curve sweep.
Consequently, the image acquisition speed must be adapted accordingly, typically
requiring very high acquisition rates, as |-V tracing tends to be extremely fast. As a result,
the use of high-speed InGaAs cameras becomes necessary.

Daylight Photoluminescence at Constant Operating Point

This method enables the application of a daylight lock-in technique by combining and
subtracting images that differ in PL emission. Unlike conventional lock-in approaches, it
does not require altering the operating point of the solar module under test [86]. Instead, all
images are captured under the same operating condition (OC), using different optical
filters. A standard filter is employed to record the peak PL emission, while two additional
filters (one with a slightly higher and one with a slightly lower central wavelength) are
selected. These auxiliary filters must be close enough in wavelength to the standard filter to
ensure comparable signal noise but sufficiently offset to ensure minimal PL contribution.
The resulting images can then be subtracted from the standard image to isolate the PL
signal.

However, this technique has so far only been validated on high-efficiency IBC modules,
which PL emission is almost two orders of magnitude higher than multicrystalline modules.
Further studies are needed to evaluate its applicability to other PV technologies and to
establish it as a viable inspection method for large-scale PV installations.

Daylight Photoluminescence with Ultranarrow Bandpass Filter

This technique leverages the natural absorption of sunlight by atmospheric water
vapour, along with advances in ultranarrow bandpass optical filters [87]. Since water vapour
concentration varies depending on geographic location, season, and weather, the
atmospheric absorption spectrum also changes accordingly. Within this spectrum, there
are several very narrow bands (1-2 nm) where sunlight is almost entirely attenuated.
Notably, these absorption bands coincide with the spectral range of luminescence
emission. As a result, it is possible to design a custom ultranarrow bandpass filter that
matches one of these bands, allowing the use of an InGaAs camera to detect the PL signal.
Underthese conditions, the luminescence contribution can account for approximately 90%
of the total captured signal.

The main benefit of this approach is its ability to capture the PL signal under daylight
conditions with a single camera shot, eliminating the need for multiple images and lock-in
techniques. Although longer exposures improve image quality, even one-second
acquisitions are generally sufficient to detect most defects. This short acquisition time
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enables high throughput. However, the method relies on a custom-designed ultranarrow
bandpass optical filter, a specialised lens system, and a low-noise InGaAs camera, all of
which introduce technical and operational challenges. In addition, the performance of the
filter is sensitive to atmospheric water vapour concentration, which may vary with location
and weather conditions.

3.3. Luminescence imaging with Unmanned Aerial Vehicles

The use of Unmanned Aerial Vehicles (UAVs) for luminescence imaging in PV power
plants has gained significant interest in recent years [88]. Integrating UAVs enables the
automation of inspections and increases measurement speed, essential factors when
inspecting the thousands of modules that comprise utility-scale PV plants. In this context,
ground-based inspections are not feasible for large PV systems, as they are considered
time-consuming and inefficient [89]. Aerial inspections not only reduce the time required
for EL and PL imaging but also enable the inspection of installations such as rooftop PV
systems or floating PV systems, which are difficult or impossible to assess using ground-
based methods [89]. Finally, automated EL or PL acquisition through aerial inspections,
combined with artificial intelligence techniques, holds significant potential for utility-scale
PV power plants by enabling the automatic detection and classification of faults [90-92].

Regarding conventional dark EL during nighttime, manual ground inspections can reach
rates of approximately 30 kW, (100-200 modules) per hour [32]. In contrast, aerial
inspections can significantly increase measurement rates, achieving up to 1,200-1,500
modules per hour [88]. Although silicon-based cameras can be used for nighttime
inspections [93], they require long exposure times, which slows down acquisition and
necessitates stopping the drone during image capture. In contrast, InGaAs cameras enable
luminescence video recording [94], allowing image acquisition while the drone is in motion
thanks to shorter exposure times. It is worth noting that dark EL measurements using UAVs
have been performed both with power supplies [93] and with bidirectional inverters [95].

As previously explained, daylight luminescence imaging requires acquiring several pairs
of images in which the luminescence signal alternates between high and low. Capturing this
image sequence using UAVs is possible [96], but it typically requires the drone to remain
stationary while the sequence is acquired [97]. Additionally, image stabilization during post-
processing is necessary. The use of high-speed InGaAs cameras makes it possible to
capture the required sequence in approximately 1 second [96], enabling inspection rates of
over 700 modules per hour.

In daylight inspections, it is also crucial that the modulation system does not limit the
speed achieved by UAV-based inspections. Therefore, it is essential that PL or EL
modulation can be performed rapidly in any section of the plant, preferably without
requiring disconnection or the temporary installation of additional hardware in the PV
system.
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3.4. Summary and Conclusions

EL and PL imaging are powerful tools for fault detection in PV modules. As non-
destructive techniques, they offer great potential for identifying and analysing module
defects throughout the entire life cycle within a PV power plant. However, their
implementation is not yet standard practice in PV maintenance plans, mainly due to the
complexity of the acquisition process. While infrared thermography is widely used in
commercial PV plants since it can be performed during normal operation, conventional
dark EL imaging requires nighttime acquisition, the use of power supplies, and
disconnection within the PV system, making it an invasive and logistically challenging
method. This explains why EL imaging remains limited in practice.

For nighttime acquisition, non-invasive EL imaging is feasible if the PV power plant is
equipped with a bidirectional inverter, which simplifies the measurement process. Non-
invasive PL imaging using an artificial lighting system is also possible. However, both
methods require additional hardware: permanent in the case of bidirectional inverters, and
mobile in the case of lighting systems. Moreover, performing measurements at night is
generally not desirable, as access to PV power plants during nighttime hours is often
restricted due to safety concerns.

Daylight luminescence imaging has been experimentally demonstrated by several
research groups worldwide. This approach involves capturing a sequence of images in
which the luminescence signal alternates between high and low intensity states, enabling
the integration of lock-in detection techniques to remove the background signal generated
by sunlight. Various methods have been proposed by the scientific community, differing
primarily in how the luminescence signalis modulated. PL imaging is more commonly used
for daylight acquisition, as sunlight can serve as a natural excitation source and, with the
right strategy, modulation can be achieved without requiring disconnections. In contrast,
daylight EL imaging is less common, as modulating the EL signal without disconnections
remains a greater technical challenge.

It is important to note that EL and PL imaging can be considered complementary
techniques. While EL is more suitable under low-irradiance conditions, PL imaging
performs better in high-irradiance environments. Furthermore, although both types of
images provide similar information, they offer complementary insights that contribute to a
more comprehensive understanding of solar cell performance.

All the techniques analysed in this state of the art are summarized in Table 2. The
present thesis aims to design and validate an experimental technique that enables both
non-invasive EL and PLimaging under daylight conditions, representing a novel contribution
to thefield. Specifically, the development of an electronic device that can be integrated into
PV modules without requiring external power and capable of modulating both EL and PL
signals while allowing the module to operate normally, has not been previously achieved.
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Table 2. Summary of EL and PL techniques for the inspection of field-deployed PV modules.

Equipment for

Technique Conditions  EL/PL Invasive Lock-in Excitation signal Ca'mera Discussion
method source . Equipment
modulation
Dark conditions allow imaging with a single camera shot. However,
. Sior it requires module disconnection and the use of a power supply,
Conventional . Power . . . .
. . Dark EL Invasive No No needed InGaAs typically provided by a generator. These disconnections and the
Nighttime EL supply . . . .
sensor need for nighttime acquisition introduce both safety and
operational challenges.
Dark conditions allow imaging with a single camera shot. The use
Sior of a bidirectional inverter, capable of injecting current into the PV
Bidirectional Non- Bidirectional array, enables measurements without the need for
Dark EL . . No . No needed InGaAs . . . . .
Inverter invasive inverter sensor disconnections, thereby increasing speed and reducing safety
risks. However, bidirectional inverters are not commonly used in
PV plants due to their higher investment costs.
Dark conditions allow imaging with a single camera shot, but they
Protective Power Sior require disconnection of the module and the use of a power
Dark EL Invasive No No needed InGaAs supply, typically provided by a generator. The use of a protective
Box supply L . .
sensor box can create dark conditions during daytime; however,
disconnection is still required.
Dark conditions created within a mobile laboratory enable high-
Sior quality results, complemented by |-V curves and additional
Mobile EL Dark EL Invasive No Power No needed InGaAs rr?easurem(fznts. However, .thIS approach not only reqw.res
Laboratory supply sensor disconnection but also disassembly of the module, which
increases acquisition time, safety risks, and the potential for
physical damage in the PV module.
Dark conditions allow imaging with a single camera shot, and the
. . use of an external lighting device to induce PL emission enables
Nighttime PL N . . .
. e Non- Lighting InGaAs measurements without the need for disconnection. However, the
with Artificial Dark PL . . No No needed . . L .
Lighting invasive system sensor main drawback is the need to transport the lighting device along

with its power supply and battery, which adds complexity and
logistical challenges to the measurement process.
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The implementation of a lock-in technique using a power supply to

. InGaAs modulate the EL signal allows measurements to be performed
Daytime EL . . . .
. . . Power sensorand under daylight conditions. However, disconnection of the module
with Power Daylight EL Invasive Yes Power supply . . . . . .
Supol supply optical is still required, and a sequence of multiple images must be
PRy filter acquired to effectively filter out the luminescence emission from
ambient light.
The implementation of a lock-in technique using an electronic
board capable of injecting current into the module by harvesting
InGaAs energy from the module itself enhances EL signal modulation. This
Self- Daylight EL Invasive Yes PV module Electronic sensc?r and approach (-j\llmlnates' the. negd for gn external power supply;
Sourced EL energy board optical however, disconnection is still required, as the board cannot
filter operate under normal PV plant conditions. Additionally,
acquisition speed remains low due to the need for image
sequences and the limited performance of the electronic board.
Daylight PL InGaAs Sunlightis used as the excitation soqrce, while an electro’nlc poard
. modulates the PL signal by alternating between open-circuit and
(External . . . Electronic sensor and . - .
. Daylight PL Invasive Yes Sunlight . short-circuit conditions. This approach enables measurements
electrical board optical . . .
. . during daytime without the need for an external energy source;
modulation) filter . AR .
however, module disconnection is still required.
Daylight PL Electronic InGaAs Sunlight is used gs the eXCIFatI.On source, and electronic d?VICBS
L are permanently installed within the PV power plant, enabling PL
(Internal . Non- . device installed sensor and . . . .
. Daylight PL . . Yes Sunlight . . modulation without disconnection. Although the measurements
electrical invasive in the PV power optical . . L . .
. . are non-invasive, additional hardware must be installed in the PV
modulation) plant filter
plant.
Sunlight is used as the excitation source for PL modulation
. InGaAs combined with a lock-in detection technique, which requires the
Daylight PL . L. . . L
. . Non- . Optical sensorand acquisition of an image sequence. In this approach, modulation is
(Optical Daylight PL . . Yes Sunlight . . . . .
. invasive modulators optical achieved without the need for module disconnection; however, an
modulation) . . . . o
filter optical modulator must be strategically installed on specific
control cells within the module.
Sunlight is used as the excitation source for PL modulation
. InGaAs combined with a lock-in detection technique, which requires a
Daylight PL . ; . L .
. Non- . Inverter (via sensorand sequence of images. In this approach, modulation is achieved
(Inverter Daylight PL . . Yes Sunlight . . . ;
. invasive MPPT) optical through the PV inverter by alternating between maximum power
modulation) . . Lo . . . .
filter point and open-circuit conditions. Neither module disconnection

nor additional hardware is required.
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Sunlight is used as the excitation source for PL modulation

Daylight PL High speed combined with a lock-in detection technique, which requires the

Inverter (via |-V InGaAs acquisition of a sequence of images. Modulation is achieved
(I-V curve . Non- . . . . . . .
swee Daylight PL invasive Yes Sunlight tracing sensorand through the |-V curve tracing functionality available in some PV
'.3 functionality) optical inverters. This method does not require module disconnection or
modulation) . . . . . .
filter additional hardware; however, it requires a specialized inverter as

well as a high-speed InGaAs camera.

Sunlight is used as the excitation source for PL modulation
combined with a lock-in detection technique, which requires the

Daylight PL InGaAs L . .
. acquisition of a sequence of images. In this approach,
at Constant . Non- . Three different sensor and . .
. Daylight PL . . Yes Sunlight . . . measurements can be performed at the same operating point by
Operating invasive optical filters two optical . . . . . .
. ) modulating the signal using three different optical filters. However,
Point filter . .
the need to switch between filters can slow down the
measurement process.
Sunlight is used as the excitation source. Only a single shot is
Daylight PL InGaAs required, thanks to an ultranarrow bandpass filter selected within
with Non- sensorand a narrow and deep absorption band of H,O. This approach allows
Ultranarrow Daylight PL . . No Sunlight No needed ultranarrow rapid measurements without module disconnection or additional
invasive . . S
Bandpass bandpass  hardware. However, it requires a custom and expensive filter that
Filter filter only functions correctly under specific atmospheric H,O

concentrations.
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Chapter IV

Design of Module-level Electronics for Non-Invasive
Luminescence Signal Modulation

In this chapter, the design and validation of a module-level electronic device is
presented. Its purpose is to enable non-invasive EL and PL signal modulation once installed
within a PV module, meaning that after installation it operates without interfering with the
normal behaviour of the PV system. First, the hardware requirements are defined. Then, the
proposed topology is introduced, followed by an evaluation of its electrical performance in
a real-world scenario. Next, instructions are provided on how to modify the board to switch
from binary to arbitrary modulation, specifically for EL modulation. Finally, a discussion of
the device’s functionalities is presented.

4.1. Requirements of the Module-level Electronic Device

Since the electronic board is intended to be permanently installed within a PV string,
specifically in each PV module where EL or PL sighal modulation is required, the following
requirements are desirable:

1. Normal Operation Compatibility: the electronic board must allow the PV module
to operate normally, following MPP dictated by the inverter. Additionally, power
losses introduced by the board during normal operation should be negligible.
Operating near the MPP also provides a useful reference point where luminescence
emission is minimal.

2. EL Modulation Capability: the electronic board should be capable of inducing a
forward-bias current in the module by using the string current as the excitation
source for EL signal modulation. The modulation should be fast enough to
periodically vary the EL emission intensity multiple times per second, enabling the
lock-in detection technique.

3. PL Modulation via Bypass: the electronic board should be able to bypass the PV
module, allowing it to operate under OC conditions, which enhances PL
modulation. As with EL, the modulation must be sufficiently fast to periodically vary
the PL emission intensity several times per second, facilitating the lock-in detection
technique.

4. Self-Powered Operation: the electronic board should function without a battery or
external power source. Ideally, it should include a system to power the electronics
using the energy generated by the PV module itself.

5. Simplicity of Topology: the circuit topology must be as simple as possible. Since
module-level integration requires low-cost and compact solutions, minimizing
circuit complexity is essential for practical implementation.

6. External Control Interface: the device mustinclude a communication system that
allows external control and configuration of the modulation parameters.
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4.2. Power Topology and Circuitry
Concept

The proposed electronics are designed to modify the operating point of the PV module
along the |-V curve. As shown in Figure 4, the intensity of both EL and PL signals depends on
the specific operating point of the module under illumination.

= Atthe MPP: EL emission is negligible, and PL signalis nearly zero.

= Under OC conditions: EL emission is absent, while the PL signal reaches its
maximum intensity.

= Under FB current: EL emission is high, and the PL signal also remains at its
maximum.

Therefore, by shifting the operating point between MPP, OC, and FB current conditions,
itis possible to modulate both EL and PL signals, which allow imaging under high irradiance
conditions thanks to the integration of lock-in technique. The concept behind the developed
module-level electronic device is based on a four-switch topology arranged in a half-bridge
configuration. As shown in Figure 13, the half-bridge is connected to the PV module whose
operating pointis to be modified. At the same time, it is connected to the string, specifically
to the positive terminal of the preceding module (+sminc) and the negative terminal of the
subsequent module (—sming)-

. —_—
sw4 Sw4
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STRNG  sTRING | STRING
/ - o -
A el
swi1 SW3 sSw1 SW3
' t
- + - +
PV module PV module
MPP oc
A, ~ /
sw2 sw4
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+ I
STRING : STRING
—_
o o
SwWi1 SW3
't I
- +
PV module
FB

Figure 13. Concept of the module-level electronics for PL and EL modulation. Topology based on four switches
(SWi, SW2, SWs, and SW.4) forming a half-bridge configuration.
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If SW, and SW, are closed while SW, and SW; are open, current flows from the positive
terminal of the string to the negative terminal of the module, and from the positive terminal
of the module to the negative terminal of the string. This configuration allows normal
operation of the module, which will operate at MPP if the PV inverter is active.

If SW; and SW; are closed while SW, and SW, are open, no current flows through the
module, effectively bypassing it. In this state, the module operates under OC conditions.

Finally, if SW, and SW; are closed while SW, and SW, are open, a forward-bias current
is applied to the module. In this configuration, the positive terminal of the string is
connected to the positive terminal of the module, and the negative terminal of the module
is connected to the negative terminal of the string, allowing the module to operate in the
fourth quadrant as a load.

Power Topology

The implemented power topology is shown in Figure 14. In this schematic, two of the
four switches from the original concept have been replaced by MOSFETs, while the
remaining two have been replaced by diodes. Additionally, Figure 14 includes a truth table
indicating which MOSFETs must be conducting to achieve the different operating points
required for EL and PL modulation.

N o— 7
V1 D1 1wl
+ o— M2 °—
STRING STRING
N\ N
L 4
1¥w]1 1 D2
M1
M1 | M2 — t
MPP X X PV module
oc _
FB current

Figure 14. Implemented power topology in the module-level electronic device for EL and PL modulation, and
truth table indicating with an “X” the MOSFETs that must be conducting to achieve different conditions.

Note that it would be possible to implement a power topology based on four MOSFETSs;
however, the chosen configuration offers several advantages. First, using only two
transistors simplifies the control of the board and reduces the total number of components.
Second, the inclusion of two diodes provides a continuous current path, which enhances
the robustness of the board. Using four MOSFETs could create scenarios where, if all of
them are off, the full string voltage is applied across the electronic device, potentially
exceeding the voltage ratings of some components and risking damage.

While current flows through the diodes, power loss occurs due to the voltage drop
across them. However, during normal operation of the module, both MOSFETs are on, and
the entire current flows through them. Power MOSFETs exhibit a very low voltage drop
because of their low on-resistance, resulting in negligible power loss.
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Before the real implementation of this topology, it was validated through simulations in
LTspice, using the one-diode model[98] to simulate the electrical behaviour of a PV module.
The characteristics of the simulated PV module, as well as the PV string, are shown in Table
3. Note that the simulated PV string is connected to a static load that sets the MPP in the
normal configuration of the string (Zwpp).

Table 3. Characteristic of the simulated PV module and PV string.

PV Module characteristics PV string characteristics
Voc:45.7V Size: 8 modules
Isc: 8.6 A Load: Zmpp
Vmep: 35.0V
Impp 7.8 A

The main results of the simulations can be seen in Figure 15. Through proper control of
both MOSFETs (M, and M,), it is possible to set MPP, OC, and FB current in the PV module
where the proposed electronic architecture is installed.
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Figure 15. Simulation of current and voltage evolution using the power topology of the developed electronic
board in a PV string composed of eight modules.
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When M, and M; are on, the module current remains positive at lvep, indicating that the
module is operating at MPP together with the PV string. When M is off while M, is on, the
module is bypassed, so no current flows through it. As the PV string is connected to a static
load, a reduction in the total voltage corresponding to one module is observed. Moreover,
the bypass of one PV module modifies the aggregated |-V curve of the string, which explains
the current drop observed in the string current. Finally, when M, and M, are off, forward-bias
current is set in the module. During this state, the string voltage is reduced, corresponding
to slightly more than the voltage of two modules. This also changes the equivalent |-V curve
of the string, which explains the reduction in string current compared with MPP conditions.

These results validate the functionalities of the presented power topology. However, it
should be noted that the simulations were performed with the PV string connected to a
static load, which may not represent the real behaviour of a PV inverter.

Implementation

This power topology has been implemented on a two-layer printed circuit board (PCB)
based on the PIC16F1619 microcontroller, whose full schematic can be found in Annex I.
The board has dimensions of 73 x 85 mm, and four MC4 connectors have been attached to
facilitate its installation within a PV string, where two connectors are attached to the
module to be tested, while the other two are connected to the positive terminal of the
previous module in the string and the negative terminal of the following module. The bottom
and top views, as well as the assembled board, are shown in Figure 16.

=STRING

c)

Figure 16. Views of the developed electronic board: top side (a), bottom side (b), and photograph of the
assembled board (c).
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Apart from the power circuit, the board includes other circuitry for supply, control, and
communications. First, it features a simple supply system based on a linear voltage
regulator (see Figure 17). Its input is connected to the positive terminal of the module
through a diode, which blocks reverse current and thus protects the system. The negative
terminal of the panel is set as the ground of the board, and the output provides a constant
5V to power the microcontroller and other systems. This circuitry allows the module to
power the electronic board without the need for an external supply or batteries.

+ 5V
o)
+ @ N Linear voltage
Module l/l regulator
u
— @
Module —_

Figure 17. Supply system for the developed electronic device.

MOSFETs are controlled by applying a voltage between their source and gate terminals.
Since the negative terminal of the module is the ground of the board, only M, has its source
terminal connected to ground, while M,’s source is floating. Therefore, M can be directly
controlled by one of the microcontroller’s digital outputs, whereas M, cannot.

The control system for M, is shown in Figure 18. It is based on an isolated DC-DC
converter and an optocoupler. The isolated DC-DC converter creates an isolated 5V source
referenced to M,’s source, which corresponds to the negative terminal of the string. The
optocoupler allows this 5V to be applied or not to the gate of M,, enabling its switching
operation.

Isolated DC-DC converter

Gate M2 O
=
33 2z
z2> o>
I
T
O——AMA—— L—o s
Digital output
Microcontroller =
6 -SRTING
— Optocoupler

Figure 18. Control system for the developed electronic device.
Regarding communication, the developed electronic device offers two options:

= Bluetooth: the board includes a header that is connected to the UART (Universal
Asynchronous Receiver/Transmitter) pins of the microcontroller, as well as to
ground and 5 V. This enables connection of a Bluetooth module (HC-06), allowing
wireless control of the board. This system provides a useful, simple, and quick way
to test and control the board, while wireless communication also ensures isolation
for safety purposes.
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= Power Line Communication (PLC): The board also incorporates a PLC system
designed for PV power plants [99,100]. This system allows communication between
a device installed in the inverter and the board.

Finally, all the components used in the development of the electronic device are listed
in Table 4. This allows calculation of the total cost of the board, which amounts to up to
13.26 € per unit. This cost only includes the components and does not cover design or
manufacturing/soldering time. Note that this total cost is the result of the chosen
components, which can be optimized to reduce expenses. Moreover, prices may vary over
time depending on the supplier and the quantity purchased. Nevertheless, it provides a
useful reference for the total price.

Table 4. List of components and prices used in the developed electronic board. Unit prices for 2025
correspond to purchases of at least 100 units.

Unitary Total

System Part Reference Units

price price

Power MOSFET AUIRLS3036-7P 2 1.71€ 3.42€
Power Diode 15SQ045 2 0.59€ 1.18€
Supply Diode 1N4004 1 0.04€ 0.04€
Supply Voltage regulator LM2936MX-3.3/NOPB 1 1.25€ 1.25€
Supply Capacitor 100 uF EEV107MO063A9PAA 1 0,36€ 0,36€
Supply Capacitor 10 yF EDH106M016A9BAA 1 0.08€ 0.08€
Control Microcontroller PIC16F1619-E/SS 1 1.20€ 1.20€
Control MLCC Capacitor - 1 0.02€ 0.02€
Control DC-DC Converter B0505S-1W 1 0.62€ 0.62€
Control Optocoupler SFH610A-2 1 0,43€ 0,43€
Control SMD resistor - 4 0.01€ 0.04€
Communications Diode BAT60JFILM 3 0.10€ 0.30€
Communications Diode PMLL4150 1 0.37€ 0.37€
Communications MOSFET TSM8588 1 0.36 € 0.36 €
Communications SMD resistor - 6 0.01€ 0.06 €
Communications TH resistor - 2 0.04€ 0.08€
Communications MLCC Capacitor - 5 0.02€ 0.10€
Communications Coil - 1 0.80€ 0.80€
Communications Bluetooth module HC-06 1 1.79€ 1.79€
PCB Board - 1 0.81€ 0.81€
Total price 13,26 €

4.3. Performance of the Electronic Device

The performance of the electronic module-level device was tested in a real PV facility
composed of 10 multicrystalline PV modules (TSM-235-PC05A) with a hominal power of
235 W, each. All modules form a string connected to a 1,500 W, string PV inverter (Sunny
Boy SB1.5-1VL-40). The electronic device is integrated within one of the modules in the
string.

First, it is possible to analyse the current evolution in the module during EL and PL
modulation to evaluate whether the luminescence signalis properly modulated. For proper
EL or PL modulation, it is crucial to change the operating point of the module as illustrated
in Figure 4. For EL modulation, the operating point must be switched between OC (PL +
background signal) and forward-bias current (EL + PL + background signal). In contrast, PL
modulation involves switching between MPP (background signal) and OC (PL + background
signal).
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Figure 19 displays the current evolution in the tested PV module while the EL and PL
signals are being modulated at a frequency of 5 kHz. During EL modulation, it can be
observed how the current changes from a null value (OC conditions) to a high negative
current (forward-bias current), indicating that the module operating point is properly
adjusted for EL signal modulation. During PL modulation, the module current evolves from
a high current level close to MPP (null luminescence signal) to near-zero current levels (OC
conditions), indicating that the module operating point is properly adjusted for PL signal
modulation.

a) Module current evolution (5 kHz EL modulation)
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b) Module current evolution (5 kHz PL modulation)
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Figure 19. Module current evolution during EL (a) and PL (b) modulation at 5 kHz, measured in a PV string
configuration with an oscilloscope (RS PRO Siglent SHS820X).

It may also be important to analyse how the string current evolves, ensuring the proper
performance of the PV inverter, which must not stop operating during luminescence signal
modulation. For both EL and PL modulation, the string current changes at the same
frequency as the modulation. However, the current variation is significantly higher during EL
modulation compared to PL modulation, which is fully consistent with the fact that while
PL involves a voltage reduction corresponding to bypassing a single PV module, EL involves
a voltage reduction corresponding not only to the loss of one PV module but also to the
negative voltage drop in the string due to the higher voltage than Voc required for forward-
bias current induction. This behaviour can be observed in Figure 20.

Nevertheless, although the developed electronic device involves current variations in
the string, it successfully changes the operating point of the tested module for proper EL
and PL modulation, while keeping the PV string under normal operation.
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a) String current evolution (5 kHz EL modulation)
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Figure 20. String current evolution during EL (a) and PL (b) modulation at 5 kHz, measured in a PV string
configuration with an oscilloscope (RS PRO Siglent SHS820X).

4.4. Modification for Arbitrary Electroluminescence Signal Modulation

The presented power topology allows binary modulation of the EL and PL signals.
However, it is possible to achieve arbitrary signal modulation through modifications to the
electronic device, which may be of interest, as the following chapter shows. These
modifications involve both hardware and software changes.

It should be noted that arbitrary modulation of the signal has only been implemented
for the EL signal. As shown in Figure 4, the EL signal depends linearly on the forward-bias
current. Therefore, arbitrary modulation of the EL signal is as simple as modulating the
forward-bias current in the PV module, which can be easily implemented using an open-
loop control. Nevertheless, the PL signal does not exhibit a linear relationship with the
module current, which prevents direct implementation using the same approach.

Regarding software, it is necessary to control both MOSFETs through PWM. In the
present implementation, a 5 kHz PWM signal controls both switches. Regarding hardware,
an LC low-pass filter must be included between the power topology of the electronic device
and the tested PV module, as shown in Figure 21. The LC low-pass filter must have a cut-off
frequency lower than that of the PWM control signal, allowing the square current waveform
generated by the half-controlled H-bridge to be filtered. In the present implementation, the
LC low-pass filter consists of a 40 yH inductor and a 1,000 uF capacitor, resulting in a cut-
off frequency of 0.8 kHz.

47



Non-Invasive EL and PL Imaging through Module-Level Electronics in Photovoltaic Power Plants

4 STRING - - o oo oo
’ \
O . : » !
I I
| I
— 1
: D, SZ 5 kHz PWM = M, 1
] 1
| ML o] T gy \
; : , 40 pH -
: . : HlVe o ot —
1
’ - I
: ; : 1,000 pF :
I I I T i
I I | I
i | \ s
1 — 1 N o e
1 "
| SkHzPWM M D,y/ | LC low-pass filter Tested PV module
! 2 £ 1 (f,= 0.8 kHz)
TUUL |
D ol |
o i
=STRING ‘~-cccmcmmmcmcccccmcccee e~ #

Half-controlled H-bridge

Figure 21. Modified power topology of the electronic device for arbitrary EL signal modulation. Reproduced
from [101].

For forward-bias current modulation, one of the MOSFETs must remain off (duty cycle
of 0%), while the other is controlled with a variable duty cycle. When the duty cycle of this
MOSFET is 0%, the forward-bias current is at its maximum. When the duty cycle is 100%,
the forward-bias current is null, achieving OC conditions. For example, if the duty cycle is
30%, the forward-bias current corresponds to 70% of the maximum forward-bias current
obtained at a duty cycle of 0%.

The microcontroller of the board has in its memory a list of duty cycle values
corresponding to the several waveforms that are to be modulated. The use of an internal
timer in the microcontroller allows to periodically change the duty cycle according to the
list, thus modulating the forward-bias current with a known frequency and waveform.

Figure 22 includes the modulation of three different waveforms: square, full sine and
half sine. All 4 Hz waveforms have been captured using an oscilloscope in a real PV string
made up by 10 modules connected in series to a PV string inverter. Some noise is
noticeable, especially in the half-sine and full-sine modulations. Potential strategies to
mitigate this noise include increasing the PWM frequency, using a low-pass filter with a
lower cut-off frequency, or enhancing the code execution speed to allow more frequent
updates of the MOSFETs’ duty cycle. Nonetheless, this noise will be partially or even
completely suppressed by the camera, as the signal is integrated over the exposure time of
each capture.
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Figure 22. Module forward-bias current for square (a), full sine (b), and half sine (c) wave modulation.
Measured with oscilloscope RS PRO Siglent SHS820X. Reproduced from [101].

Regarding prices, the modifications include one 1,000 uF capacitor and one 40 pH
inductor, which increase the total price of the electronic device from 13.26 € per unit (see
Table 4) to 15.49 € per unit. Note that it is possible to reduce the size of the inductor and
capacitor by increasing the frequency of the PWM control signal, thereby reducing the
additional cost.

4.5. Discussion

The present chapter has shown the design and successful validation of a module-level
electronic device that can be installed within a PV string and enables EL and PL modulation
under daylight conditions without the need for an external energy source, as it uses the
string current to set the forward-bias current in the module for EL modulation and sunlight
for PL modulation.

The electronic device is based on a half-controlled H-bridge configuration, whose
proper control allows adjustment of the module operating point, thus enabling EL and PL
signal modulation. It can impose OC conditions by bypassing the PV module (resultingin a
high PL signal) or set a forward-bias current (resulting in a high EL signal). It also allows the
module to operate under the current set by the inverter, achieving MPP conditions, which in
turn provides a reference point where the EL and PL signals are null or low.

The electrical performance of the electronic module has also been successfully
validated both through simulation and in a real scenario corresponding to PV string of 10
modules connected to a PV inverter. Overall, when compared with other techniques for EL
and PL imaging, the present approach offers a series of advantages that are highly desirable
for field inspections:
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It allows both EL and PL modulation during daylight conditions without the need for
disconnections, provided that one electronic device is installed in each PV module
where the luminescence sighal is to be modulated. This transforms EL and PL
imaging into truly non-invasive techniques. While other methods have achieved
non-invasive PL modulation, non-invasive daylight EL has not previously been
demonstrated.

No external energy is required, since sunlight is used for PL signal generation and
the string current is used for EL signal generation. This eliminates the need for a
dedicated power supply or lighting device for luminescence signal generation,
thereby reducing both the required equipment and the logistical complexity of the
technique.

Module-level integration allows selective modulation of the luminescence signal in
the specific PV modules targeted for measurement. This ensures that other PV
modules in the string continue to operate around their MPP, thus minimizing energy
losses in the PV power plant during inspection.

The fact that measurements can be performed during daylight is particularly
advantageous, as nighttime inspections are often undesirable due to safety
concerns or potentially adverse weather conditions.

Both EL and PL imaging are desirable, as these two kinds of images can provide
complementary information.

The electronic system of the device can operate without the need for batteries,
thanks to the inclusion of an internal supply stage that regulates the module voltage
to the constant level required by the microcontroller and other board components.
Finally, the electronic device features a simple topology, which enables a compact
and low-cost solution, an essential aspect for practical integration of electronics
into the thousands of PV modules that constitute utility-scale PV power plants.

In contrast, some limitations can also be attributed to the present modulation
approach:

Although the electronic device features a simple topology with a total component
cost of only 13.26 € per unit, the requirement of installing one electronic device per
module is notideal, as it may increase the overall investment cost of a PV facility.
Furthermore, the maximum EL and PL signals achievable are limited by weather
conditions, mainly solar irradiance. The PL signal is directly proportional to
irradiance, while the EL signal is directly proportional to the forward-bias current
level, which in turn depends on irradiance, since string current is used for EL signal
generation. Therefore, the proposed approach requires high irradiance levels to
achieve optimal performance. However, this is not an issue compared to infrared
thermography, as it also requires a threshold irradiance level for proper
measurements.

Finally, it should be noted that the device currently enables square-wave modulation of
the EL and PL signhals. Nevertheless, arbitrary modulation of the luminescence signal can
be achieved through small hardware and software modifications, specifically by
incorporating an LC low-pass filter together with PWM control of the MOSFETs in the
electronic device.
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ChapterV

Luminescence Imaging Acquisition and Processing

The previous chapter presented an electronic device whose integration at the module
level enables modulation of both EL and PL signals by changing the operating point of the
module. This chapter discusses the acquisition process of the image sequence and its
processing to extract the EL or PL signal from the background signal generated by sunlight.
This is crucial since the device only operates during daytime, using the string current for EL
modulation and sunlight for PL modulation.

First, the acquisition set-up where the technique was validated is described, including
the characteristics of the PV system and the camera specifications. Regarding the
processing of the image sequence, two approaches have been analysed. The first
processes the images in the time-domain, with two different strategies proposed and
evaluated (synchronous and asynchronous strategies). The second approach processes
the image sequence in the frequency-domain using the Fast Fourier Transform (FFT), which
allow extracting the EL signal when it is modulate with any periodic waveform.

5.1. Acquisition Set-up

All the measurements presented in this chapter were acquired using the setup shown
in Figure 23. The electronic board is connected within the PV string and controlled wirelessly
via the board’s Bluetooth module. The control system is a laptop, which also operates an
InGaAs camera (Hamamatsu C12741-03) via USB. The camera has aresolution of 640 x 512
pixels and a maximum frame rate of approximately 60 frames per second (fps). Specifically,
the acquisition time is mainly determined by the sum of the selected exposure time and the
camera’s processing time, the latter being 16.7 ms. All camera parameters are collected in
Table 5. The camera lens is equipped with a bandpass filter centred at 1,160 nm, with a
bandwidth of 150 nm and a transmittance close to 90%.
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Figure 23. Acquisition setup of the developed EL and PL imaging technique. Reproduced from [101].
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Table 5. Summary of SWIR camera specifications (Hamamatsu C12741-03).

Imaging device InGaAs sensor
Effective number of pixels 540 (H) x 512 (V)
Pixel size 20 um (H) x 20 pm (V)
Effective area 12.8 mm (H) x 10.24 mm (V)
Cooling method Peltier cooling
Frame rate 59.774 frames/s
Digital output 14 bit
Maximum exposure time 1s
Interface USB 3.0

Less mount C-mount
Power supply DC+12V
Power consumption Approx. 18 W

Figure 24 displays the quantum efficiency of the InGaAs camera used, the normalized
emission spectrum of crystalline silicon, the filter transmittance, and the reference solar
spectrum. The optical filter blocks most wavelengths outside the luminescence spectrum.
This, together with the reduced irradiance around 1,100 nm due to the absorption band of
H,0, leads to an increased ratio between the luminescence signal and the sunlight signal
captured by the camera.
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Figure 24. Quantum efficiency of InGaAs camera (Hamamatsu C12741-03), normalised spectrum of
luminescence in crystalline silicon, optical filter transmittance and reference solar spectrum ASTM G173-03
[47].

Measurements were performed on a PV string composed of 10 multicrystalline silicon
PV modules (Trina Solar TSM-235-PC05A), each with a maximum power of 235 W,, a Voc of
37.2V, and an Isc of 8.55 A under STC. All modules are connected to a string inverter (Sunny
Boy SB1.5-1VL-40).
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Note that these conditions represent the worst-case scenario due to two key factors.
First, multicrystalline silicon modules have lower luminescence emission compared to
other technologies such as monocrystalline silicon, PERC, or IBC modules (see Chapter Il).
The use of these other technologies should perform better because of the higher ratio
between luminescence and background signal. Second, in a string configuration, changing
the operating point of one module has a greater impact on the inverter’s MPPT algorithm
compared to a central inverter that tracks the MPP of hundreds of modules.

5.2. Time-domain Imaging Processing
Processing Method

Time-domain processing requires an image sequence in which the luminescence signal
has been binary modulated, following a square waveform. Therefore, some images
correspond to a high-emission state of the EL or PL signal, while others correspond to a low
or null emission state of the EL or PL signal. To remove the background signal, for each pixel
itis necessary to average all high-state values and all low-state values separately. The final
value is then calculated by subtracting the average low-state value from the average high-
state value. This calculation is shown in Equation (8), where:

=  R(x, y)isthe value of pixel (x, y) in the resulting image

= Ei(x, y)is the value of pixel (x, y) in the high-state image number i
= Bi(x, y)is the value of pixel (x, y) in the low-state image number j
= Ngisthe number of high-state images

=  Njisthe number of low-state images

Ng Ng
1 1
R(x,y) = N—E;Ei(x,y)—N—B;Ej(x.y) ®)

Therefore, for time-domain processing, it is essential to know which images have been
taken during high and low luminescence emission states of the PV module. This leads to the
use of two different lock-in approaches, referred to as synchronous and asynchronous
strategies.

The synchronous strategy involves continuous communication between the camera
and the electronic device that modulates the luminescence signal through the control
system. This allows the emission state of each image to be known and labelled during
acquisition. The control system sends a command to the electronic board to set a new
operating state. Once the board has set this operating point, it sends a confirmation back
to the control system, which immediately triggers a shot on the InGaAs camera. After each
picture is taken and labelled with its corresponding operating point, the control system
sends another command to the electronic board to change its operating point. This process
is repeated until the image sequence reaches the desired size. For synchronous
acquisition, the camera must be configured in trigger mode. However, this configuration,
along with the delays induced by communication between devices, may reduce the frame
rate of the measurement.
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The asynchronous strategy has been developed to avoid synchronization and
continuous communication between the camera and the electronic device that modulates
the luminescence signal. Before image acquisition begins, the electronic device receives a
single command that causes it to modulate the EL or PL signal at a given frequency. The
camera then captures images at its maximum speed until the sequence reaches the
desired size, after which another command is sent to the electronic device to restore the
module to normal operation.

As thereis no synchronization between the camera and the electronic module, itis likely
that some frames will be captured during the transition between operating points. To
minimize this effect, it is recommended to reduce the modulation frequency so that more
than two images are acquired per cycle. In the present setup, the modulation frequency was
setto approximately six times the acquisition speed of the camera. This results in siximages
per cycle: three corresponding to the low state and three corresponding to the high state.

However, the asynchronous method results in an image sequence where the emission
state of each picture is unknown. Therefore, it is necessary to implement an algorithm
capable of classifying the images for further processing. A simple algorithm has been
developed that classifies each picture based on its average intensity value, which is
compared with those of the surrounding images. The performance of the algorithm is shown
in Figure 25. It compares the average pixel value of the image to be classified with the
average pixel value of the n nearest images in the sequence. The value of n should be
adjusted for proper classification and is recommended to be close to the number of images
captured per modulation cycle. In the present approach, nis set to 6.

Calculate average pixel value of image to be
classify

|

Identify the n nearest images in the sequence

!

Calculate a reference value as the average pixel
value of the n identified images

Averege pixel
value is higher than reference
value?
YES NO

Classify image as high Classify image as low
emission state emission state

Figure 25. Developed algorithm to classify images under high or low luminance emission state in
asynchronous lock-in strategy.

Note that all acquisition and processing were performed automatically by a Python
script running on the laptop acting as the control system (Intel Core i7-11800H). The script
sends commands to the electronic board via Bluetooth and controls the InGaAs camera
through a dedicated control library. Moreover, the implemented algorithm, along with the
calculations described in Equation (8), is executed by this Python script. The final image is
also normalized for proper visualization, and the "magma" colour map is applied.
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It is desirable to analyse image quality from a quantitative point of view, allowing
comparisons of both synchronous and asynchronous lock-in strategies. The SNR metric
adapted for daylight acquisition has been used [62]. The calculation of this metric must be
performed following Equation (9). Where k denotes the pixel index. The total number of
images in the stackis 2|N| consisting of Nimages captured during high luminescence signal
(denoted as L)) and N images captured during low luminescence signal (denoted as BG)).
The set N; includes the odd-numbered images, while Nz includes the even-numbered ones.
An SNR value above 5 is generally considered indicative of good measurement quality. The
implement python script is also able to calculate SNR during imaging processing.

Yr(avgien (Li(k) — BG;(k)))

T — 9
Yk <|avgieN1(Li(k)) — avgjen2(Lj(K))| - VO.5 - (E) )

Finally, it should be highlighted that for proper modulation of the EL and PL signal is
necessary to change the operation point of the module.

= For EL modulation during daylight, it necessary to alternate between forward-
bias current (EL + PL + background signal) and OC conditions (PL + Background
signal). Thus, subtraction of images in both operating points enhance EL signal
isolation. The use of OC instead of MPP is essential because, under forward-bias
current and daylight conditions, the module emits both EL and PL signals
simultaneously (see Figure 4), making it impossible to isolate the pure EL
contribution. In contrast, OC operation allows capturing only the PL and
background components, enabling a clean separation of the EL signal after
image subtraction.

= For PL modulation during daylight, it necessary to alternate between OC
conditions (PL + background signal) and MPP conditions (Background signal).
Thus, subtraction of images in both operating points enhance PL signal
isolation.

Results

Figure 26 shows two examples illustrating the evolution of average pixel intensity within
a segment of 40 images. In the synchronous strategy, high and low luminescence signal
images are acquired alternately, whereas in the asynchronous approach, approximately
three images of the same emission state are captured consecutively, since the modulation
frequency is about six times lower than the camera’s acquisition speed.
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Figure 26. Comparison of the average pixel intensity within the synchronous (a) and asynchronous (b) image
sequences in EL imaging acquisition.

In both approaches, the luminescence signalis low. The difference between the average
high and low luminescence signals is around 10 digital values, compared to more than
9,500 values of background signal generated by sunlight. This corresponds to a
luminescence-to-background ratio of about 0.1%. Such a low signal explains why minor
changes in irradiance between the acquisition of consecutive images can affect the quality
of the final signal. Moreover, this small signal may be of the same order of magnitude as the
noise of the camera sensor. These factors together explain why a higher number of images
is necessary to obtain a final picture of sufficient quality.

It is also possible to evaluate the performance of the proposed algorithm for automatic
classification in the asynchronous strategy. For this purpose, an image sequence obtained
with the synchronous approach is processed by the algorithm, enabling quantification of
the number of classification errors. The algorithm correctly classifies more than 95% of the
images. It should be noted that better performance is expected for higher ratios between
luminescence and background signals, which can be achieved by using other silicon
technologies such as PERC PV modules or by employing a filter with a narrower bandwidth.

During the measurement process, both EL and PL images were successfully obtained
using synchronous and asynchronous strategies. The final EL or PL images, produced
through appropriate calculations, normalization, and colour map application by the
developed Python algorithm, are shown in Figure 27. All images were generated by
processing an image stack of 1,000 frames acquired under high irradiance conditions
(between 800 and 1,000 W/m?) with an exposure time of 2 ms. Figure 27 also presents the
calculated SNR, the camera acquisition speed, and the processing time.
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Figure 27. Comparison of EL and PL images obtained using synchronous and asynchronous strategies.

From a technical standpoint, the asynchronous strategy offers certain advantages over
the synchronous approach. Since it does not require synchronization, separate control
systems or software can be used for the device that modulates the signal and for the
camera, eliminating the need to develop a single program capable of managing both
simultaneously. Additionally, the camera can operate in continuous acquisition mode,
allowing it to reach its maximum acquisition speed. In contrast, the synchronous method
requires the use of trigger mode, which reduces the acquisition speed to 20 fps compared
to 50 fps in continuous mode.

This reduction in acquisition speed is mainly due to the delay caused by continuous
communication between the two devices, which depends on the hardware
implementation. It should be noted that using alternative trigger strategies could increase
the frame rate to values close to those of the asynchronous strategy. Since daylight EL and
PL measurements typically require a large number of images, this difference in speed can
be significant. Forinstance, capturing 1,000 images takes 50 seconds in synchronous mode
but only 20 seconds in asynchronous mode.
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Regarding the computational cost of both strategies, it should be noted that the
synchronous approach requires less processing time. Processing 1,000 pictures with the
synchronous method takes 0.8 s, whereas the asynchronous method requires up to 2.0 s
due to the implementation of the classification algorithm. Note that this processing time
depends linearly on the size of the image sequence.

Regarding the quality of the final picture, both EL and PL images exhibit similar SNR
values. However, differences between EL and PL imaging can also be observed. In EL
images, the signal is notably stronger near the metal contacts of the cell due to electrical
excitation, whereas PL images exhibit a more uniform distribution of signal intensity, as the
excitation source is sunlight, which is homogeneous across the entire cell surface.

It has also been observed that the synchronous strategy yields slightly better results in
terms of SNR, although no visual differences can be detected between the synchronous
and asynchronous methods. This slightly higher SNR may be explained by errors introduced
by the algorithm, as well as by the fact that the high/low signal images are not directly
acquired, which can increase the negative impact of changing irradiance.

Finally, it is possible to see in Figure 28 how SNR evolves with increasing number of
images in the sequence. Although previous results have been by processing 1,000 of
pictures, between 300 and 500 may be enough for achieving a SNR value higher than 5,
which is considered a good value. It would allow to reduce the total acquisition time of the
image sequence, which may be critical when inspections must be performed on thousands
of modules. The increase in SNR with the size of the image stack is explained by the
reduction of noise, as processing a larger number of images statistically reduces the
random noise that appears in the image sequence.

10

—e— EL-Synchronous
—8— EL-Asynchronous
—8— PL-Synchronous
g { —@— PL-Asynchronous

100 200 300 400 500 600 700 800 900 1000
Image stack size

Figure 28. SNR dependence on image stack size for EL and PL using synchronous and asynchronous
strategies.
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5.3. Frequency-domain Imaging Processing
Processing Method

The obtained image sequence can also be processed in the frequency-domain. This
means that an FFT is applied to the signal evolution of each pixel. The final pixel value in the
resulting image corresponds to the amplitude of the FFT at the frequency index used to
modulate the luminescence signal. To calculate this frequency index (k), it is necessary to
know the frame rate of the image sequence (f;), as well as the modulation frequency (f),
which allow applying Equation (10). Where N is the size of the sequence.

_N-fi
2

As previously explained, this method has only been validated for EL imaging, since the
linear dependency between EL signal intensity and forward-bias current allows for a direct
implementation. One advantage of frequency-domain processing is that the luminescence
signal can be extracted by modulating it with any periodic waveform, whereas time-domain
processing only works with square wave modulation.

k

(10)

In the present approach, the modified electronic board with a bandpass filter and PWM
controlwas used to modulate the EL signal with three different waveforms (see Chapter IV):
square, full sine, and half sine. This has allowed evaluating the potential differences
between them. Furthermore, the EL signal has also been modulated using a power supply
(EA ELEKTRO-AUTOMATIK EA-PSB 10200-25 2U 1500W), which has been properly
programmed to reproduce the aforementioned waveforms.

It is also possible to use an SNR metric to perform quantitative analysis of resulting
pictures. SNR for frequency-domain processing can be calculated by using Equation (11)
[102].

(11)

Peak amplitude?
SNR = 1010g10

Var(Noise)

The peak amplitude is defined as the difference between the amplitude at the
modulation frequency (f) and the average amplitude within the frequency range [f/2, 2f],
excluding the modulation frequency itself. Noise is estimated as the variance of the
amplitude within the same frequency range, also excluding the modulation frequency. To
calculate the SNR for the entire image, the SNR values of the pixels corresponding to the
photovoltaic module area are averaged, ensuring that signal variations in irrelevant pixels
are not considered. In this SNR method, a value above 10 dB is considered indicative of
sufficiently high image quality.

For this method, another Python script was developed to perform an FFT on each pixel
after acquiring the image sequence. The script was executed on the laptop serving as the
control system (Intel Core i7-11800H). The script also normalizes the final image, applies
cropping and perspective correction based on corner detection of the module, applies the
“magma” colour map, and calculates the SNR for the pixels corresponding to the module
area. The general flow diagram of the frequency-domain approach is shown in Figure 29.
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Figure 29. Frequency-domain processing approach flow diagram. Reproduced from [1017].

In this approach, all image sequences consist of 1,000 pictures, captured with an
exposure time of 2 ms, an acquisition speed of 53 fps, and a modulation frequency of 4 Hz.
The chosen modulation frequency of 4 Hz, combined with the acquisition speed of 53 fps,
results in approximately 13 measurements per modulation cycle, allowing for an accurate
representation of the modulated waveforms.

Results

Figure 30 represents the signal evolution of three different 1,000 image sequences
where the EL signal has been modulated following square, full sine and half sine wave
modulation as Figure 22 shows. Here it is possible to check that signal captured by the
camera reproduced the waveform of the forward-bias current in the PV module. Again,
luminescence signal is low, which accounts with around 20 digital values against 12,000
digital values of the background signal generated by sunlight, which means a ratio between
luminescence and background signal around 0.17%. It is also possible to see in Figure 30
that background signal changes during image sequence acquisition due to changing
irradiance. Even on clear-sky days with apparent constant irradiance, minor irradiance
changes during the acquisition of the images could have a greater impact on signal
captured by the camera than the luminescence signal itself.
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Figure 30. Average pixel value evolution in image sequences obtained during EL modulation with square (top),
full sine (middle) and half sine (bottom) modulation Reproduced from [101].

As an example, Figure 31 shows the FFT of the average pixel value across a sequence of
1,000 images, where the EL signal was modulated using a 4 Hz square waveform and
captured at an acquisition speed of 53 fps. As expected, there is an amplitude peak at the
frequency index corresponding to 4 Hz, indicating signal transmission at this frequency and
thus the presence of the EL signal. The FFT must be applied to each pixel of the image, with
the amplitude at this frequency index providing the pixel value for the final EL image.
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Figure 31. Average FFT transformation for a sequence of 1000 images captured at 53 fps with a4 Hz
modulation frequency using a square wave. Reproduced from [101].

61



Non-Invasive EL and PL Imaging through Module-Level Electronics in Photovoltaic Power Plants

Measurements were first taken using the programmable power supply, each delivering
a peak amplitude of 8 A for the different waveforms. Figure 32 shows images processed in
the frequency-domain for the three mentioned waveforms. The figure also includes the
average irradiance during image capture, along with the corresponding SNR values. All
cases yielded good SNR values (>10 dB), and no visual differences could be detected
between them. However, square-wave modulation exhibited a slightly higher SNR, followed
by full-sine-wave modulation.

4 Hz Square Wave (8 A)

L3303 el

4 Hz Full Sine Wave (8 A 4 Hz Half Sine Wave (8 A)

SNR:12.30dB 1,030 W/m?

.

] 255
Figure 32. EL images obtained via power supply modulation using different waveforms. Exposure time of 2 ms,
captured at 53 fps, with 1,000 images per sequence. Reproduced from [101].

Measurements were also performed using the modified electronic board for EL signal
modulation. Figure 33 shows the final EL images for the different waveforms modulated via
the modified electronic device, together with the average irradiance level during acquisition
and the calculated SNR. Similar images, without appreciable differences, were obtained
compared to the power supply approach. Moreover, the SNR values are comparable to
those obtained with the power supply. Once again, it is worth noting that square-wave
modulation yielded the highest SNR, although no visual differences were observed among
the different waveforms.

Moreover, detailed images of specific solar cells in the module are shown in Figure 34,
where anomalies such as cracks or inactive areas can be easily detected. The first row
includes some cracks within the solar cells that led to isolated areas; the second row shows
a solar cell with an inactive area in one corner, and the third row presents solar cells with
clearly inhomogeneous signal distribution across their areas. The SNR analysis again
identifies square-wave modulation as the waveform with the best performance, although
all waveforms produced images without apparent visual differences.
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Figure 33. EL images obtained via electronic device modulation using different waveforms. Exposure time of 2
ms, captured at 53 fps, with 1,000 images per sequence. Reproduced from [101].
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Figure 34. Detailed EL images obtained via electronic device modulation using different waveforms. Exposure
time of 2 ms, captured at 53 fps, with 1,000 images per sequence. Reproduced from [101].
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Regarding the computational cost of the frequency-domain processing method, a total
of 6.5 s has been reported for performing processing on 1,000 image sequence of 640 x 512
pixels on an Intel Core i7-11800H processor. It should be noted that most of the processing
time corresponds to applied FFT to all pixels within the sequence, which allows to estimate
the computational cost as Equation (12) shows.

t(N,p) =c-p-Nlog,N (12)

Here, t (N, p) denotes the processing time as a function of the number of images to be
processed (N) and the number of pixels per image (p), while c is a constant determined by
the specific FFT implementation and the hardware specifications. In the present
experiments, using the mentioned processor and a Python script with the NumPy library for
FFT computation, the constant ¢ was found to be 2-10° s-pixel™.

Since the computational cost of the FFT does not scale linearly with the number of
samples, applying this method to half of the images would reduce the processing time by
more than 50%, resulting in approximately 2.9 s. Similarly, performing the algorithm on
sequences of 200 and 100 images would further decrease the processingtime to 0.99 s and
0.43 s, respectively.

5.4. Discussion

This chapter has explored different lock-in imaging processing approaches for
extracting the luminescence signal from an image sequence in which the signal has been
modulated. Two main approaches have been successfully validated.

The simplest approach is based on processing in the time-domain. This method
requires square-wave modulation of the EL or PL signhal, which results in some images in
the sequence capture both luminescence and background signals, while others capture
only the background signal generated by sunlight. By averaging these two groups of images
separately and performing a subsequent subtraction, it is possible to isolate the
luminescence signal, producing images that can be used for fault detection and PV module
performance analysis. Moreover, this time-domain processing technique has been
validated using two different strategies: synchronous and asynchronous.

The synchronous strategy is based on synchronization and continuous communication
between the electronic device modulating the EL or PL signal and the InGaAs camera
capturingthe images. This allows the images to be labelled according to their luminescence
emission state (high or low), facilitating the direct calculation of the final image. In contrast,
the asynchronous approach lacks coordination between the camera and the electronic
device, so an algorithm has been developed to automatically classify the images in the
sequence, enabling subsequent calculations with the pictures.

Both approaches have successfully produced EL and PL images with acceptable SNR
values. Although no visual differences were observed between the two strategies, the
synchronous approach provides slightly higher SNR, likely due to errors in the automatic
classification algorithm, which have been quantified at around 5%. However, the
asynchronous approach offers several practical advantages. First, its implementation is
much simpler, as there is no need to develop dedicated software to control both the camera
and the electronic device. Moreover, synchronization may be difficult to achieve in certain
setups, for example, when drones equipped with InGaAs cameras are used for EL or PL
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imaging. Finally, the asynchronous approach allows the camera’s acquisition speed to be
maximized, whereas the synchronous strategy may introduce delays due to continuous
communication and the need to configure the camera in trigger mode. Since multiple
images are required to achieve good SNR, acquisition speed can be critical when imaging
thousands of modules.

A more complex approach based on frequency-domain processing has also been
validated. It allows the isolation of the luminescence signal when it has been modulated
using any periodic waveform. The method is based on applying an FFT to each pixel across
the image sequence, with the luminescence signal obtained from the amplitude of the FFT
at the frequency index corresponding to the modulation frequency. This method has been
validated only for EL imaging, as arbitrary EL signal modulation is simpler and more
straightforward to implement compared to PL modulation.

Modulation using the developed electronic device, with some modifications, combined
with frequency-domain processing, has produced EL images similar to those obtained
using the same processing method but with a power supply as the excitation source. No
visual differences are observed, and comparable SNR values are achieved. Three different
EL modulation waveforms were tested, all of them providing sufficiently high SNR in most
scenarios. Nevertheless, square-wave modulation exhibited slightly better SNR, although
minor visual differences can be detected between the final images obtained with different
modulation waveforms.

The potential adverse effects of the FFT, such as spectral leakage or the “picket fence”
effect, were not specifically evaluated, as satisfactory results were obtained without
applying mitigation techniques. However, a slight improvement in SNR could be expected if
such corrective measures were implemented.

The comparison between time-domain and frequency-domain processing methods is
not straightforward. It can only be stated that both methods are capable of achieving
acceptable SNR values with the same number of images in the sequence under similar
conditions. In terms of qualitative image quality, similar results are obtained, although
quantitative analysis is more complex since SNR must be calculated differently for each
method. It should be noted that time-domain processing is easier to implement, especially
in the asynchronous strategy. Furthermore, processing time is significantly lower with time-
domain processing, particularly when the number of images in the sequence is high. One
advantage of the frequency-domain approach is that the luminescence signal can be
modulated using any waveform, which can be useful for modulation methods with slower
responses, such as when an inverter is used for PL modulation.

Finally, it should be noted that the measurements were performed on polycrystalline PV
modules, which exhibit lower luminescence emission compared to other technologies,
such as monocrystalline or PERC modules. Therefore, applying this technique to other
technologies such as PERC or IBC is expected to yield better results, as a lower number of
images would be required to achieve good SNR values due to the higher luminescence-to-
background signal ratio. Another way to reduce the number of images needed could be the
implementation of an optical bandpass filter with a narrower bandwidth.
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Chapter VI

Integration of Non-Invasive PL and I-V tracing
Functionalities into a Module-Level PV Optimizer

The developed EL and PL imaging technique, based on module-level electronics,
presents a main limitation: it requires the permanent installation of module-level
electronics on all PV modules in the power plant, which can significantly increase the
investment cost. Considering that, in recent years, the use of module-level power
electronics (MLPE), such as solar optimizers or microinverters, has become widespread
with several commercial solutions available on the market [57], the integration of non-
invasive PV module inspection techniques into the architecture of these devices shows
great potential. Previous work based on module-level electronics has demonstrated that I-
V curves can be traced without disconnections [103-105], making |-V tracing a non-invasive
method.

The present chapter demonstrates how non-invasive luminescence signal modulation
and |-V tracing have been integrated into the power architecture of a PV solar optimizer. This
represents a significant novelty that has not been reported previously in the literature. This
integration results in a powerful module-level electronic device with multiple
functionalities, making it more attractive from an economic perspective. These
functionalities include MPPT, non-invasive I-V tracing, non-invasive luminescence signal
modulation, active or passive bypass of the module, and electrical monitoring of the PV
module output. The first section of the chapter presents the desirable requirements for the
PV optimizer, followed by the chosen power topology and the minor software and hardware
modifications required to integrate non-invasive |-V tracing and luminescence signal
modulation. Finally, luminescence images captured under high irradiance conditions and
I-V curves obtained using this device are presented.

6.1. Requirements of the Module-level PV Optimizer

Since module-level PV optimizers are installed permanently within a PV string, the following
requirements are desirable.

1. Simple topology: the circuit topology must be as simple as possible. Since module-
level integration requires low-cost and compact solutions, minimizing circuit
complexity is essential for practical implementation.

2. Direct integration of non-invasive measurements: it is desirable that the
integration of non-invasive |-V tracing and luminescence signal modulation does not
require major changes in the device, especially in its hardware. It was observed that
PL modulation allows for direct integration, whereas EL modulation requires an
additional power stage, increasing the number of components, cost, and
complexity of the device. Therefore, only PL signal modulation will be integrated into
the electronic device, prioritizing simplicity and ease of integration over EL
modulation.
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3. High efficiency: as module-level PV optimizers perform MPPT, it is crucial that the
integrated converter has a high efficiency. Current peak efficiency in module level-
PV optimizers market is around 98-99% [57].

4. Self-Powered Operation: the electronic PV optimizer should function without a
battery or external power source. Ideally, it should include a system to power the
electronics using the energy generated by the PV module itself.

5. External Control Interface: the device must include a communication system that
allows external control and configuration of PV optimizer.

6.2. Module-level PV Optimizer Design

Topology Selection

Several power topologies can be used to implement MPPT in a module-level PV
optimizer [57]. Most commonly, non-isolated DC-DC converters, such as buck [106,107]
and boost [108,109] converters, especially in their synchronous configurations to improve
efficiency, are employed. Nevertheless, other power architectures, including SEPIC [110],
Cuk[111], and Flyback[112], among others, can also be used depending on the application.

In order to select a suitable topology, synchronous buck and boost converters were
analysed due to their simplicity and high efficiency, two critical parameters in the design of
MLPE for PV applications. Although the boost converter could offer advantages, as boosting
the voltage reduces output current and consequently Joule losses, integrating |-V curve
tracing and PL modulation is more challenging and requires additional hardware. First, it is
not possible to establish open-circuit conditions without incorporating extra switches in the
boost topology. Second, the potential |-V curve sweeps achievable using the boost
converter’s input inductor is significantly faster than the sweep obtained with the input
capacitor of a buck converter. Therefore, the buck converter allows for the use of a simpler
microcontroller with a lower sampling rate in its analog-to-digital converter (ADC).

The implemented power architecture, based on a synchronous buck converter, is shown
in Figure 35. For a detailed explanation of its performance, see Chapter Il. The input of the
buck converter is connected to the PV module to be optimized, while the output terminals
are connected to the positive and negative terminals of the adjacent modules in the string.
The PV optimizer also includes voltage and current sensing at its input, as well as a half-
bridge gate driver that enables fast switching of both MOSFETs (M, and M,).
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Figure 35. Implemented synchronous buck topology for the module-level PV optimizer.
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MMPT Concept

To understand how the PV optimizer performs MPPT, a typical illuminated |-V curve is
shown in Figure 36. In a synchronous buck converter, the low-side (M) and high-side (M1)
MOSFETs operate synchronously, meaning that when one is on, the other is off, and vice
versa, preventing a short circuit in the half-bridge. The converter is controlled by a
parameter known as the duty cycle (d), which is defined as the ratio of the time the high-
side MOSFET (M,) is on during one cycle to the total period of the cycle.

If the duty cycle (d) is 0%, the high-side MOSFET (M,) is permanently off, and the low-
side MOSFET (M) is permanently on. Analysing Figure 35, it can be deduced that, in this
stationary state, the module operates under OC conditions, as no current is extracted from
the module. In contrast, if the duty cycle (d) is 100%, the high-side MOSFET (M;) is
permanently on, while the low-side MOSFET (M.) is permanently off. In this case, under
stationary conditions, the PV module is directly connected to the converter’s load output.
If the load is a static impedance (Zour), the module’s operating point will be set at the
intersection of the |-V curve and the load line defined by the inverse of the output
impedance. If the load is the PV string, the module will operate at the point corresponding
to the common current in the string.
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Figure 36. Typical illuminated I-V curve of a PV module, PL signal intensity as a function of operating voltage,
and MPPT range of the optimizer.

Since the duty cycle can be dynamically adjusted by the microcontroller of the PV
optimizer, it is possible to operate at any point from OC conditions to the point
corresponding to the current demanded by the load, generating an MPPT range within which
the module operating point can be adjusted. This also enables the implementation of an
MPPT algorithm that dynamically changes the duty cycle and performs power
measurements based on input current and voltage sensing, allowing operation at the MPP
even as the |-V curve varies due to changes in irradiance, temperature, shading, and other
factors.
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There are many MPPT algorithms that can be implemented [55,56]. In the present
device, the perturb and observe (P&QO) algorithm has been implemented, which is a
common classical MPPT algorithm. It is based on tracking the maximum power point by
periodically perturbing the operating voltage or current and observing the resulting change
in power, adjusting the operating point toward higher power. The block diagram of this
algorithm can be seen in Figure 37.
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Figure 37.Flowchart of the implemented P&O algorithm for MPPT in a synchronous buck converter.
Photoluminescence Modulation Concept

The modulation of the PL signal does not require additional hardware compared to the
standard topology of a module-level PV optimizer. PL modulation is achieved through the
firmware of the PV optimizer’s microcontroller by periodically changing the duty cycle.
Figure 36 also shows the PL signal intensity as a function of the operating voltage. When the
duty cycle is 0% and the module operates under OC conditions, the PL signal intensity is at
its maximum. Conversely, a high duty cycle causes the module to operate at a high current
level, where the PL signalintensity is low. Therefore, it is possible to modulate the PL signal
simply by adjusting the converter’s duty cycle.

I-V Tracing Concept

There are several methods available for performing I-V tracing in a PV device [40]. In the
present approach, a technique known as capacitive sweep has been implemented. This
technique is based on charging a capacitor from SC to OC conditions. During this transient,
multiple current and voltage samples are taken, allowing the reproduction of the module’s
I-V curve. Figure 38 displays current and voltage evolution while a PV module is charging a
capacitor from SC to OC, as well as the reconstructed |-V curve.

69



Non-Invasive EL and PL Imaging through Module-Level Electronics in Photovoltaic Power Plants

tsw 10
50 10

—— |-V Curve

40

—— Voltage [V]
—— Current [A]

Current [A]

Voltage [V]
Current [A]

10

20 30 40 50
Time [ms] Voltage [V]

a) b)

Figure 38. Voltage and current evolution during the charging of a 1,000 uF capacitor with a single PV module (a)
and reconstructed I-V curve (b). Module characteristics in Table 3 and irradiance of 1,000 W/m?. Data
simulated with LTspice.

To implement this technique, several hardware components are required. However, all
the necessary elements are already present in the architecture of a PV optimizer based on
a synchronous buck converter:

= Capacitor: A capacitor connected in parallel with the PV module is required. In
this case, the converter’s input capacitor (C) fulfils this function.

= Switching element: a device is needed to set the PV module to OC and SC
conditions. Here, both the low-side and high-side MOSFETs perform this role.
When both MOSFETs (M; and M,) conduct simultaneously, the half-bridge is
short-circuited, as is the PV module. Moreover, when the high-side MOSFET is
off, module work in OC.

= Voltage and current sensing: Measurement of voltage and current in the module
is required. The PV optimizer already includes voltage and current sensing at its
input.

No modifications to the power topology are required to perform |-V tracing using the
topology of a synchronous buck converter. However, some considerations must be taken
into account regarding the supply and control system of the board.

During the tracing of the |-V curve, the module operates under SC conditions. As no
voltage is provided by the module during this short period of time, if a voltage regulator is
used directly to supply the microcontroller, sensors, communications module, or half-
bridge driver, it may fail to provide an adequate voltage level for the operation of all the
systems, potentially causing malfunctions or a microcontroller reset. To avoid this problem,
the supply system shown in Figure 39 has been implemented.

The key components of the system are the diodes (Dsc) and the capacitor (Csc). Csc is
charged to the module voltage during normal operation. During the portion of the |-V sweep
when the module voltage is insufficient to power the supply system, Csc provides an
appropriate voltage level, as it does not discharge thanks to the presence of the Dsc. The
supply system is directly connected to the positive and negative terminals of the module,
and two voltage regulators are used: one to generate a higher fixed voltage (e.g., 10V) to
supply the half-bridge driver, and another to generate a lower fixed voltage (e.g., 5V) to
power the microcontroller, sensors, and communications module.
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Figure 39. Schematic of the voltage supply system in the PV optimizer.

Another important aspect to consider is the control system of the half-bridge. The use
of a half-bridge gate driver provides two main benefits. First, it enables the generation of an
appropriate voltage level for switching the high-side MOSFET, whose source is floating.
Second, it can source and sink large gate currents to both MOSFETSs, allowing fast switching.
Fast switching is crucial for achieving high efficiency, especially when the converter
operates at high switching frequencies.

If the half-bridge gate driver is directly used to switch on both MOSFETs to achieve a
short circuit in the half-bridge, fast switching can cause an abrupt discharge of the
converter’s input capacitor, generating a high current peak that may damage the MOSFETs.
Therefore, a modification of the conventional half-bridge driver circuit has been
implemented, as shown in Figure 40. The control schematic includes the conventional
components along with an additional MOSFET, resistor, and capacitor (Maux, Raux, and Caux).
The auxiliary MOSFET is driven by one of the microcontroller’s output pins, preferably an
analog output pin.
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Figure 40. Conventional half-bridge driving circuit modified to allow both fast and slow switching of the low-
side MOSFET.
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When the PV optimizer is operating as a converter performing MPPT, Maux is turned off,
allowing fast switching of both MOSFETs. However, when it is necessary to perform a soft
short circuit of the half-bridge for I-V tracing, the following sequence is executed:

1. The duty cycle is set to 0%, so the module operates in OC and does not produce
power.

2. Both PWM inputs of the driver are set to a low logic level, causing both MOSFETSs to
be off. In this state, the module is bypassed and the current flows through the
bypass diode (D) of the PV optimizer.

3. The analog output controlling Mauxis set to a high voltage level for proper switching
of Maux (e.g., 5 V). As Maux turns on, the gate of the low-side MOSFET is referenced to
ground.

4. Both PWM inputs of the driver are set to a high logic level, causing the high-side
MOSFET to turn on. However, the low-side MOSFET cannot be switched on because
its gate is still referenced to ground.

5. Adecreasingvoltage ramp is programmed on the analog output controlling the gate
of Maux. This voltage ramp, together with Raux and Caux, results in the slow switching
of Maux. Therefore, the gate voltage of the low-side MOSFET gradually rises from 0V
to the driver output voltage, enabling slow charging of the low-side gate and slow
switching. This soft switching allows the input capacitor to discharge over a longer
period, reducing the current peak to values the MOSFETs can safely handle.

6. Once the voltage ramp in the analog output controlling Maux is completed, the
voltage sensor starts taking consecutive measurements until the voltage reaches 0
V, indicating that the input capacitor is fully discharged and the module is under SC
conditions.

7. Afterreaching SC, both PWM inputs of the driver are set to a low logic level, causing
both MOSFETs to turn off. At this point, the module transitions from SC to OC as the
input capacitor charges, while voltage and current measurements are taken
alternately.

Implementation

The presented circuitry has been implemented on a double-layer PCB based on the
PIC18F26K83 microcontroller, whose full schematic can be seen in Annex |. Regarding the
sensing system, analog Hall-effect current sensors are used at both the input and output of
the board, while voltage sensing at the input and output is achieved through voltage
dividers. The analog outputs of the current and voltage sensors are converted to digital
values by the microcontroller’s internal ADC, which can reach a maximum sampling rate of
90 kHz.

The half-bridge is composed of BUK9Y4R8-60E,115 MOSFETs driven by an NGD4300
gate driver operating at 100 kHz. For the input capacitance, a combination of ceramic and
electrolytic capacitors is used to achieve a good balance between low series resistance and
high capacitance. The total input capacitance is approximately 306 pF, resulting in a
transient period from SC to open circuit OC of 1-5 ms, depending on the irradiance level
and the electrical characteristics of the module. This transient time, together with the
90 kHz sampling rate of the ADC, allows the |-V curve to be captured with sufficient point
density for accurate reconstruction.
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The LC filter consists of a 40 yH power inductor and 456 pyF of capacitance, also
implemented with a mix of ceramic and electrolytic capacitors. This configuration provides
a low-pass filter with a cutoff frequency of 1.18 kHz, effectively attenuating the 100 kHz
switching ripple generated by the half-bridge.

The supply system is based on two voltage regulators. The first is a switching voltage
regulator used to supply both the gate driver and the second voltage regulator. Given the
significant voltage drop from the input level (30-40 V) to the driver supply voltage (10 V), a
switching regulator is preferred, as it typically achieves efficiencies above 85%. In contrast,
a linear regulator’s efficiency can be approximated by the ratio of output to input voltage,
which in this case would be around 25-35%.

The second voltage regulator is linear. Since the voltage drop between its input and
output is smaller, its efficiency is higher. Furthermore, the linear regulator delivers a stable
output voltage with minimal ripple, which is desirable for the proper operation of the
microcontroller, particularly for ensuring precise ADC measurements. This supply
configuration achieves a balance between high efficiency, which minimizes standby power
consumption, and a stable voltage source that can serve as a reference for accurate ADC
measurements.

The board has a compact size of 100 x 76 mm, making it suitable for module-level
integration. Top and bottom views of the board, along with the assembled version, are
shown in Figure 41. The board also includes two headers: one for in-circuit programming
and another for connecting a Bluetooth module (HC-06) for external control and
communications.

Figure 41. Views of the developed module-level PV optimizer. Top side (a), bottom side (b), and photograph of
the assembled board (c).
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Finally, all the components used in the development of the module-level PV optimizer
are listed in Table 6. This allows calculation of the total cost of the board, which amounts to
26.81 € per unit. This cost only includes the components and does not cover design or
manufacturing/soldering time. Note that this total cost is the result of the chosen
components, which can be optimized to reduce expenses. Moreover, prices may vary over
time depending on the supplier and the quantity purchased. Nevertheless, it provides a
useful reference for the total price.

Table 6. List of components and prices used in the developed module-level PV optimizer. Unit prices for 2025
correspond to purchases of at least 100 units.

System Part Reference Units Um.t ary To.t al
price price

Power MOSFET BUK9Y4R8-60E,115 2 0.90€ 1.80€
Power 150 pF Capacitor A759MW157M1JAAEQ048 5 1.16 € 5.80€
Power 4.7 pF MLCC Capacitor KAM32LR72A475KU 2 0.35€ 0.70€
Power 1 pyF MLCC Capacitor C1812Y105K1RACAUTO 2 0.49€ 0.98€
Power Toroidal core 0077894A7 1 1.07 € 1.07€
Power Copper wire (0.9 m) - 1 0.22€ 0.22€
Power Diode SBR20A60CTB 1 0.61€ 0.61€
Supply Diode RB168LAM100TR 1 0.16 € 0.16 €
Supply 150 pyF Capacitor A759MW157M1JAAEQ048 1 1.16 € 1.16 €
Supply 4.7 pF MLCC Capacitor KAM32LR72A475KU 1 0.35€ 0.35€
Supply 22 pF Capacitor A759EK226M1JAAE054 1 0.20€ 0.20€
Supply 10 pF Capacitor A759EA106M1JAAE060 1 0.17€ 0.17€
Supply MLCC Capacitor - 2 0.02€ 0.04€
Supply 330 pH Coil B82464G4334M 1 0.84€ 0.34€
Supply SMD resistor - 2 0.01€ 0.02€
Supply Voltage regulator LMR51606YDBVR 1 0.68€ 0.68€
Supply Voltage regulator LP2950CDTX-5.0/NOPB 1 0.69€ 0.69€
Control Microcontroller PIC18F26K83-E/SO 1 2.02€ 2.02€
Control MLCC Capacitor - 4 0.02€ 0.08 €
Control Half-bridge driver NGD4300DDJ 1 0.90€ 0.90€
Control MOSFET SQ2362CES-T1_GE3 1 0.24€ 0.24€
Control SMD resistor - 6 0.01€ 0.06 €
Sensing Current sensor ACS715ELCTR-20A-T 2 2.63€ 5.26 €
Sensing MLCC Capacitor - 6 0.02€ 0.12€
Sensing SMD resistor - 4 0.01€ 0.04€
Communication Bluetooth module HC-06 1 1.79€ 1.79€
PCB Board - 1 0.81€ 0.81€
Total price 26.81€
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6.3. Efficiency and MPPT

The electrical performance of the converter has been analysed under different
conditions. The switching frequency of the converter is 100 kHz. Figure 42 shows two
different scenarios regarding the converter’s input voltage. An input voltage of 30 V
represents the typical Vupr of modules composed of 60 solar cells connected in series.
Other modules on the market consist of 72 solar cells in series, resulting in a Vumep of
approximately 40 V.

The efficiency of the converter has been measured using a power supply at the input
and a variable electronic load at the output, which were used to calculate efficiency. The
efficiency curves exhibit the expected shape. At low input power, the constant standby
power consumption of the control and communication system (measured at around 350-
400 mW) has a significant impact, explaining the lower efficiency when the converter
operates at low power. As the input power increases, this constant power consumption has
a smaller effect on overall efficiency, resulting in an increase in efficiency until it reaches a
peak. Beyond this peak, efficiency begins to decrease due to Joule losses. While the
standby power consumption remains constant and switching losses are proportional to the
handled power, Joule losses depend on the cube of the current. Increasing the power leads
to higher currents at both the input and output of the converter, which explains the
efficiency drop in this region.
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Figure 42.. Efficiency curves of the developed module-level PV optimizer at a switching frequency of 100 kHz,
with input voltages of 30 V (a) and 40 V (b), and different duty cycles.

The converter has demonstrated a peak efficiency of around 98%, which is comparable
to commercial solutions. Moreover, it maintains an efficiency higher than 95% in most
operating conditions. It should be noted that, for the same duty cycle and input power,
higher efficiency is expected at higher voltages, as higher voltages involve lower currents for
the same power, thereby minimizing Joule losses. Conversely, a reduction in efficiency is
expected at lower duty cycles for the same power, since lower duty cycles result in lower
output voltage and consequently higher current, which increases Joule losses.
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In real scenarios where module-level PV optimizers are installed within a PV string, all
optimizers should operate at a high duty cycle close to 100% if all modules have similar |-V
characteristics, since the PV inverter will set a current near the modules’ Iver . However, if
one module is, forexample, partially shaded and its Iupp drops, the duty cycle of its optimizer
should decrease, increasing the ratio between the module’s input current and the common
string current at the output.

It is also possible to analyse the performance of the programmed P&O MPPT algorithm
in the module-level PV optimizer. To this end, the module current was measured with an
oscilloscope, starting from open-circuit conditions (optimizer off) until a constant current
was reached. Subsequently, an |-V curve was traced, confirming that the current set by the
optimizer corresponds to Iupp, as shown in Figure 43. It is also possible to check that around
4 s are required to find MPP.
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Figure 43. Current evolution during MPPT of the module-level optimizer (a) and the corresponding |-V curve of
the PV module being optimized (b).

6.4. Non-invasive I-V tracing and PL imaging

According to the presented technique, the |-V curve has been measured using the
developed module-level PV optimizer. Figure 44 (a) shows the current and voltage
measurements recorded by the PV optimizer during the |-V curve sweep, based on the
charging of the input capacitance. Under irradiance conditions of 1,030 W/m?® and the
module characteristics, the charging period was 1.8 ms. Given the microcontroller’s
sampling rate of 90 kHz, 142 current and voltage measurements were captured, allowing
the reconstruction of the module’s |-V curve with a resolution of 71 points, as can be seen
in Figure 44 (b).

76



Non-Invasive EL and PL Imaging through Module-Level Electronics in Photovoltaic Power Plants

40 8 8

—e— \oltage —e— |-V Curve
354 —e— Current |7 74
30 r6 6

N
v
w

Voltage [V]
= = [N
o w o
IN] w ES
Current [A]
Current [A]
N -y

]
=
—

Time [s] 0 5 10 15 20 25 30 35 40
Voltage [V]

a) b)

Figure 44. Measured current and voltage during I-V sweep (a) and reconstructed |-V curve of a PV module (TSM-
235-PC05A) under 1,030 W/m? (b). Data captured during 1.8 ms with I-V curve sampled at 71 points.

The performance of the I-V curve tracing using the developed optimizer has also been
validated through comparison with measurements taken by a commercial |-V tracer (HT
instruments Solar I-Ve 1500 |-V curve tracer). To do this, measurements were first taken with
the developed [-V tracer, followed by a rapid disconnection and connection to the
commercial |-V tracer, allowing consecutive measurements of the same module within a
few seconds and ensuring nearly identical environmental conditions. As shown in Figure
45, both sets of measurements are very similar, providing a strong indication of the proper
performance of the developed I-V tracing technique.
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Figure 45. Comparison of I-V curves measured by the developed module-level PV optimizer and a commercial
1=V tracer (HT Instruments Solar I-Ve 1500) for one unshaded module (left) and one shaded module (right).

Non-invasive PL imaging was performed by modulating the PL sighal using the
developed optimizer within a PV string composed of polycrystalline silicon modules (TSM-
235-PCO05A). The PL signal was modulated at 7 Hz following a square waveform, while the
InGaAs camera and filter described in Chapter V captured a sequence of 1,000 images with
2 ms exposure time at an acquisition rate of 53 fps.
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The image sequence was processed in the time-domain using an asynchronous
strategy. Figure 46 shows the resulting daylight PL image, with modulation performed by the
PV optimizer, alongside a conventional EL image obtained in a dark environment. The SNR,
calculated according to Equation (9) for the daylight PL image, was 7.55, which is higher
than the minimum recommended value of 5.

Dark EL Daylight PL (7.55 SNR)

Exposure time: 100 ms Exposure time: 2 ms
Irradiance: 930 W/m?

o 255
Figure 46. Daylight PL image based on the developed PV optimizer and dark EL images of the same PV module
(TSM-235-PC05A).

Figure 47 includes detailed pictures of specific solar cells, including dark EL and
daylight PL imaging done by the optimizer. It should be noted that in PL imaging some faults
such as inactive areas may be difficult to identify due to the excitation mechanism of PL.
For example, the central solar cell in the first row has some cracks that create an isolated
area in the cell. This area is easily identified in EL imaging as this region is electrically
isolated, so any forward-bias current goes through it and its EL signal contribution is null,
resulting in a dark area. However, this specific defect in PL is more difficult to identify, as
sunlight can generate PL signal in this isolated area. On another example, left-middle solar
cell of the second row exhibits a clear inactive area in EL imaging, a pattern that is not
detected in PL imaging.
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Figure 47. Detailed dark EL and daylight PL pictures of specific cells of the PV module (TSM-235-PC05A).

6.5. Discussion

The growing interest in and adoption of MLPE electronics in recent years presents a
significant opportunity to integrate non-invasive inspection techniques into PV modules.
This chapter has presented the design and validation of a module-level PV optimizer that
successfully incorporates both PL modulation and |-V tracing, enabling these two
inspection methods to be performed non-invasively.

A P&O algorithm has been successfully implemented in the optimizer to perform MPPT
on individual modules. Moreover, a peak efficiency of approximately 98% has been
achieved, which is comparable to available commercial solutions.

PL signal modulation has been integrated via software, without the need for additional
hardware in the optimizer, as the PL signal is modulated by periodically varying the duty
cycle. In this context, the choice of a buck topology has allowed the optimizer to set OC and
high-current conditions, alternating between high and low PL sighal intensity states. This
approach has enabled the successful acquisition of daylight PL images with acceptable
SNR values. EL modulation has not been integrated, as it would require major hardware
modifications and additional power stages. In this regard, simplicity and low cost have been
prioritized over EL modulation functionality.

The integration of |-V tracing does not require any changes to the converter’s power
topology, as a capacitance sweep has been implemented. All the elements necessary for
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these techniques are already provided by the topology of the buck converter and the
sensing required for MPPT. The board can bypass the module and create a short circuit
thanks to the half-bridge present in the synchronous buck topology. Moreover, when the
module transitions from SC to OC, the charging of the converter’s input capacitor facilitates
the capacitance sweep of the I-V curve, which is measured using the current and voltage
sensors already required for the implementation of the MPPT algorithm.

Nevertheless, it is necessary to include a dedicated power supply capable of supporting
the control, sensing, and communication systems while the module operates under short-
circuit conditions for a brief period. Additionally, it is desirable to implement a soft short
circuit of the half-bridge to prevent abrupt discharges of the input capacitor and high current
peaks that could damage the MOSFETs. Although the integrated |-V tracing achieves an
accuracy comparable to commercial |-V tracers, the nature of the technique means that the
number of points in the resulting I-V curve depends on the charging time of the input
capacitor (which is influenced by the capacitor size, irradiance, and |-V characteristics of
the module) as well as the sampling rate of the voltage and current sensors.

The PV optimizer is also capable of actively or passively bypassing the module thanks to
the inclusion of a bypass diode. This feature not only enables module bypass during |-V
tracing but also ensures normal operation of the string if a PV optimizer fails. Furthermore,
the module-level PV optimizer enhances individual monitoring of voltage, current, and
power.

In terms of cost, all components required for the design amount to a total of 26.81 €, of
which only 1.59 € corresponds to the additional hardware that enables non-invasive I-V
tracing and PL signal modulation. Overall, the proposed solution, which integrates non-
invasive |-V tracing and PL signal modulation, represents a significant novelty in the state of
the art, providing a feasible approach for advanced module inspection within MLPE
systems.
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Chapter Vil

Conclusions

7.1. Conclusions

EL and PLimaging applied to PV modules has proven to be highly useful, enhancing fault
detection and enabling performance analysis of PV devices. However, acquiring both EL
and PL images in field-deployed modules presents several challenges and drawbacks that
limit their practical use, despite the high potential they offer. In this context, exploring novel
techniques aimed at overcoming the main limitations of conventional luminescence
imaging is of great interest, as it could allow the technique to become a mainstream
diagnostic method in PV power plants.

Conventional EL imaging requires nighttime measurements, external power supplies,
and system disconnection, making it an invasive and logistically complex inspection
method. In contrast, novel approaches explored by research groups worldwide aim to
render luminescence imaging non-invasive, eliminating the need for disconnection and
allowing measurements during normal operation. Moreover, it is desirable to develop
techniques that operate without external power supplies or illumination devices, which are
typically necessary in conventional measurements and add to system complexity. Finally,
enabling imaging under daylight conditions is particularly advantageous, as nighttime
inspections pose additional safety concerns.

This thesis has investigated daylight EL and PL imaging through module-level
electronics that enable non-invasive luminescence measurements without the need for
external energy sources, thereby addressing the main limitations of conventional
approaches. The findings can be grouped into three main areas: the development of an
embedded module-level electronic architecture for non-invasive EL and PL modulation, the
exploration of different measurement processing strategies to filter background signals
generated by sunlight, and the integration of non-invasive PL modulation together with -V
curve tracing within the topology of a module-level PV optimizer.

Firstly, a module-level electronic architecture has been designed and experimentally
validated to achieve non-invasive modulation of EL and PL under daylight conditions. The
system allows the PV module to operate normally while enabling the induction of a strong
EL signal by driving a forward-bias current, using the energy generated by the other modules
in the PV string. Similarly, a strong PL signal is obtained by bypassing the module and setting
OC conditions, where sunlight induces high PL emission. This approach introduces several
advantages and novelties with respect to the state of the art. While non-invasive PL imaging
has been reported using different modulation strategies, non-invasive EL imaging under
daylight conditions has not been explored before. Furthermore, the acquisition of both EL
and PL images is highly desirable, since these techniques provide similar but
complementary information. It should also be emphasized that daylight measurements can
be performed without the need for external energy sources to generate the luminescence
signal, thereby overcoming one of the main limitations of conventional luminescence
techniques.
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Secondly, this device enables the modulation of EL and PL signals, allowing the
acquisition of image sequences in which lock-in detection can be applied to remove
background generated by sunlight, thus providing final images suitable for fault detection
and PV module analysis. Several strategies have been successfully implemented to
accomplish this task. Time-domain processing requires binary modulation of the
luminescence signal, following a square waveform. Since it is necessary to identify which
images within the sequence correspond to high or low luminescence states, two strategies
can be adopted. A synchronous strategy involves continuous coordination and
communication between the device that modulates the signal and the camera, enabling
direct labelling of images according to their emission state. In contrast, an asynchronous
strategy does not require coordination between the camera and the modulation device but
instead relies on an algorithm to automatically classify images within the sequence.
Although the synchronous strategy yields slightly better results due to the absence of
algorithmic misclassification errors, the asynchronous approach offers several
advantages, such as potentially higher measurement speed, simpler implementation, and
the ability to perform measurements without synchronization, a particularly relevant
feature in scenarios where synchronization is challenging, for example when UAVs are
employed.

Frequency-domain processing is based on FFT and allows the removal of background
signals when the EL or PL signal is modulated with any periodic waveform. With minor
hardware and software modifications to the developed electronic device, arbitrary
modulation following different waveforms can be achieved. Thanks to its simpler and more
direct integration, arbitrary EL signal modulation has been successfully implemented using
various waveforms. Comparable images, both qualitatively and quantitatively, have been
obtained in comparison with those generated using a programmable power supply for this
task. Moreover, although all modulation waveforms provide similar qualitative results, the
square waveform offers superior quantitative performance in terms of SNR. A direct
comparison with time-domain processing is not straightforward, as quantitative quality
assessment through SNR cannot be performed. However, frequency-domain processing
entails a higher computational cost. Overall, frequency-domain processing may be
particularly useful in modulation techniques where current variations in the module are
slow and square waveforms cannot be generated, such as when an inverter is used for
luminescence signal modulation.

Thirdly and finally, the proposed electronic architecture presents a main limitation:
integrating a module-level electronic device into the thousands of PV modules that
constitute a utility-scale power plant is not desirable, as it would lead to a substantial
increase in initial investment. For this reason, signal modulation functionality has been
integrated into the topology of a PV module-level optimizer that performs MPPT on
individual modules. Additionally, non-invasive |-V tracing has also been incorporated into
the proposed architecture, converting luminescence imaging and |-V tracing into non-
invasive techniques.
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Although EL modulation has not been integrated due to its higher complexity and the
need for major hardware modifications compared to the conventional topology of a PV
optimizer, PL modulation and |-V tracing have been incorporated with only minor changes,
corresponding to a component cost increase of 6.3% relative to the hardware required
solely for MPPT. The total cost of the PV optimizer is approximately double that of the
standalone electronic device developed for EL and PL modulation. Nevertheless, the
optimizer offers broader functionality, making it a more attractive solution for integration
into real PV power plants.

It should be noted that the proposed PV optimizer uses the buck converter topology, one
of the most common and widely adopted solutions for non-isolated DC-DC converters.
Thanks to appropriate component selection and careful PCB design, the developed
module-level PV optimizer has achieved a peak efficiency of around 98%, which is
comparable to commercial solutions available on the market. Furthermore, the integration
of the P&O algorithm has enabled successful MPPT operation. Regarding inspection
techniques, daylight PL imaging has been demonstrated, yielding final images of sufficient
quality. In addition, |-V curves have been obtained, and their accuracy has been validated
through comparison with commercial |-V tracers. Finally, the developed module-level PV
optimizer incorporates additional functionalities such as active or passive bypass of the
module, as well as module-level current, voltage, and power monitoring.

Taking all aspects into account, a series of points is presented summarizing the main
conclusions and achievements of the present thesis.

= This thesis proposes a module-level embedded electronic architecture enabling
non-invasive EL and PL modulation under daylight, eliminating external energy
sources while allowing normal module operation during inspections.

=  Processing within the time domain based on binary modulation has been explored,
where synchronous and asynchronous strategies have been successfully
implemented and validated. These approaches differ in whether communication
between the signal-modulating device and the camera is required. While the
asynchronous method is more practical and faster, the synchronous strategy yields
slightly better results.

= The embedded electronic architecture has been modified to allow arbitrary
modulation of the EL signal, enabling the implementation and validation of
frequency-domain image processing based on FFT, thereby enhancing processing
when the luminescence signal follows any periodic waveform.

= Usingthe electronic topology of a photovoltaic optimizer, a module-level electronic
device has been designed and validated for achieving MPPT of individual modules,
as well as non-invasive PL modulation and |-V tracing.

83



Non-Invasive EL and PL Imaging through Module-Level Electronics in Photovoltaic Power Plants

7.2. Future Works

The integration of non-invasive inspection techniques within MLPE presents a high
potential that has barely been explored in the current scientific literature. The final part of
this thesis has investigated the integration of non-invasive daylight PL imaging as well as |-
V tracing using the electronic architecture of a PV module-level optimizer. However, future
work will focus on exploring the integration of non-invasive inspection methods through PV
microinverters.

PV microinverters have the potential to be designed to allow bidirectional power flow
between PV modules and the grid, enabling the injection of a forward-bias current. This
feature makes it possible to implement functionalities of high interest in the context of PV
module inspections. First, non-invasive EL modulation becomes feasible, allowing daylight
measurements. Second, |-V curves in the fourth quadrant can be measured, which is of
interest for research purposes. Finally, microinverters could also enable the integration of
advanced active thermography inspection methods, such as dark steady-state
thermography, pulsed thermography and lock-in thermography.
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Achievements and Contribution

This section provides an overview of the scientific achievements accomplished
throughout the thesis, including the publications produced and the research stay
undertaken.

Journal Publications

Redondo-Plaza, A.; Zorita-Lamadrid, A.L.; Alonso-Gémez, V.; Hernandez-Callejo, L.
Inspection techniques in photovoltaic power plants: A review of electroluminescence
and photoluminescence imaging. Renewables Energies 2024, 2(2), 1-23.
https://doi.org/10.1177/27533735241282603.

State Published
- . - - — — 5 — -
Objective This paper is aligned with specific objective N° 1, which is addressed in
Chapter lll.

A proof of concept demonstrating the design of a module-level electronic
device that enables non-invasive modulation of EL and PL signals without
the need for external power sources, thereby allowing the acquisition of
both PL and EL images of a module under daytime conditions.

Summary

Redondo-Plaza, A.; Morales-Aragonés, J.l.; Gallardo-Saavedra, S.; Mateo-Romero, H.F;
Araujo-Rendodn, S.; Zorita-Lamadrid, A.L.; Alonso-Gémez, V.; Hernandez-Callejo, L.
Passive Electroluminescence and Photoluminescence Imaging Acquisition of
Photovoltaic Modules. Sensors 2024, 24, 1539. https://doi.org/10.3390/s24051539.
State Published

This paper is aligned with specific objective N° 2, which is addressed in
Chapter IV.

A review article focused on analysing the techniques used for obtaining EL
and PL images in photovoltaic plants.

Objective

Summary

Redondo-Plaza, A.; Morales Aragonés, J.l.; Mateo-Romero, H.F.; Zorita-Lamadrid, AL;
Alonso-Gémez, V.; Hernadndez-Callejo, L. Passive Electroluminescence and
Photoluminescence in Outdoor Photovoltaic Modules: Synchronous and Asynchronous
Lock-In Strategies.

State Under review
Objective This paper is aligned with specific objective N° 3, which is addressed in
Chapter V.

An article that compares two strategies (synchronous and asynchronous)
for time-domain image processing required in EL and PL daylight
Summary | measurements. The strategies differ in whether continuous
communication between the camera and the developed module-level
electronics is required.
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State Published
- - - - — — 5 — -
Objective This paper is aligned with specific objective N° 3, which is addressed in
Chapter V.
An article that presents the required modifications in the developed
Summary module-level electronics to enable arbitrary EL signal modulation, thereby

enhancing frequency-domain processing through the use of FFT.

Redondo-Plaza, A.; Cardinale-Villalobos L.; Velasco-Bonilla A.Z.; Morales-Aragonés, J.1.;
Alonso-Gdémez, V.; Hernandez-Callejo, L. Module-Level Photovoltaic Optimizer Based on
a Synchronous Buck Converter for Non-Invasive |-V Curve Tracing and Daylight
Photoluminescence.

State Under review

Objective This paper is aligned with specific objective N° 4, which is addressed in
Chapter VI.
An article presenting the design and validation of a module-level PV
optimizer that not only enables MPPT in individual modules but also allows

Summary

non-invasive PL signal modulation and |-V tracing, with only minor
hardware modifications compared to a conventional PV optimizer.

Conference Publications

Title Electronic device for passive luminescence imaging acquisition: Proof of
concept

Conference | ICSC-CITIES 2023

Identifier ISBN: 978-607-99960-1-7

Objective This conference paper is alighed with specific objective N° 2, which is
addressed in Chapter IV.

Summary The idea of modulating EL and PL signal using an electronic device is
validated though simulations.

Title Passive Electroluminescence and Photoluminescence in Photovoltaic
Modules: Synchronous and Asynchronous Lock-In Approaches

Conference | ICSC-CITIES 2024

Identifier DOI: 10.1007/978-981-96-4301-1_1

Objective This conference paper is aligned with specific objective N° 3, which is
addressed in Chapter V.

Summary A comparison between synchronous and asynchronous strategies for

time-domain processing of luminescence pictures in outdoor photovoltaic
modules is presented.
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del programa de formacién del profesorado universitario (FPU)
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Summary Design and validation of a PV module-level optimizer with |-V

curve tracing and PL modulation functionalities.
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Annex I: Electronic Schematics

The present Annex includes schematic of the following developments:

1. Schematic of the module-level electronic device for EL and PL modulation
2. Schematic of the module-level PV optimizer with non-invasive PL modulation and
I-V tracing functionalities
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