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Abstract- Solar energy utilization has been triggered by advances in new technology to reduce the cost of photovoltaic (PV)
panels with an increase of efficiency. To improve the energy production quality, it is necessary to undergo the PV panels to
characterization both in the indoor and outdoor scenarios; these latter characterizations generally require all seasons-based
measurements. Therefore, it is essential to find models for characterizing PV panels in terms of energy production but also
production and operating mode tolerance. The paper illustrates the findings of global research dedicated to PV panels ageing
and their impact on energy production in the years. At first, an in-depth analysis of the ageing mechanisms affecting 1l and 111
generations PV panels has been presented when exposed to atmospheric agents. Afterwards, the PV panels' characterization,
conducted in a short time (i.e. atotal of seven days), has been reported, performing outdoor measurements in conjunction with
an electronic calibrator able to measure currents and voltages. The MPPT (Maximum Power Point Tracker) device is the core
instrumentation of the employed measurement system. Obtained results are convincing since they have been compared with
simultaneous measurements of PV panels located in the same place.

K eywor ds- Photovoltaic panels, energy prediction, sensors, maximum power point tracker, measurement system.

1. Introduction phenomena affect the PV panel’s operation, gradualy

decreasing its electrical performances in terms of output

Solar energy is the primary source for the generation of
electrical power in terrestrial and space applications. The
conversion efficiency is the main parameter for determining
the performances of these devices. In the years, solar
technology's evolution continuously increases conversion
efficiency, reaching peaks of 40% for multi-junction solar
cells [1-3]. However, the exposure to the environmental
agents induces deterioration phenomena during their
expected lifetime (20-25 years). The manufacturers usualy
declare a reduction of nominal power within 10% in the first
10-12 years and up to 20% after 20-25 years of operation
[4]. These degradations are ascribable to several agents, such
as UV radiation, high-temperature, moisture infiltration, and
mechanical stress, which induce PV damage. These

power and conversion efficiency [5]. The PV manufactured
and scientific community carries out enormous efforts to
determine reliable and accurate models to predict
performance degradation over time due to the plant's
operative conditions to schedule maintenance and
substitution operation. Several research works present in the
scientific literature propose parametric laws to estimate the
maximum electrical power degradation. In [6], M. Boussaid
et a. proposed a modified Weibul model to determine the
average lifetime of photovoltaic panels placed in the
California desert, resulting in about 30 years, a genetic
algorithm has been employed to determine the parameters
model. Similarly, B. Nehme et a. have developed a
mathematical model to simulate PV panel efficiency over
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time, modelling the degradation modes, viz potential-induced
degradation, light-induced degradation (LID) and UV.light
degradation [7]. The obtained model has been employed to
simulate the variation of efficiency overtime for a module
congtituted by two strings of 12 cells. In [8], the authors
proposed a novel method for calculating the PV panel’s
degradation, estimating the modules series resistance
increment. This last is calculated through the error in
evaluating the maximum power point position, comparing
the real data with the diode model. S. Lindig et a. have
applied three oatistic models, namely simple linear
regresson (SLR), classicad  seasonal-decomposition,
seasonal- and trend-decomposition using Loess (STL), Holt—
Winters exponential smoothing and autoregressive integrated
moving average (ARIMA), to calculate the performance loss
of two PV plants [9]. Obtained results demonstrated that the
STL and ARIMA models show higher accuracy, but the first
oneisfeatured by a more straightforward implementation.

The remainder of the manuscript is structured as
described below: section 2 reports the fundamental concepts
of PV panels, related equations and parameters, which are
essential to introduce the carried out experimental activities.
Afterwards, two literature survey sections are reported; the
first one presents an in-depth overview of ageing
mechanisms affecting 1l and 11l generation PV panels. The
latter discusses the different methods for forecasting the PV
panels solar energy, focusing on matrix and MotherPV
methods. Section 5 describes the experimental setup used to
calibrate the proposed matrix method. Finaly, the
experimental results and related discussions concerning
power predictions are reported for different PV panels (CdTe
and CIGS) technologies, comparing them with our database
obtained collecting data over ten years.

2. Basic conceptsof PV cellsand related parameters

In this section, the fundamental concepts of PV panels,
related parameters and equations are reported, fundamental
to better understand the literature overview and carried out
experimental activities. It is known that 1-V is the most
important characteristic of PV panel, alowing a direct
knowledge of its operating mode and utilization (Fig. 1);
from it, we can indirectly derive the open-circuit voltage
(Vo) supplied by the solar cell and the dark saturation
current (lo). Voc isthe maximum voltage that the panel is able
to provide without any output load (zero current condition).
By setting the net current equal to zero in the following solar
cell equation [10], Voc is obtained as:

kpT
Voo = —
oc q

In(1 +-2%) (1)
0
The dark saturation current is derived by means of
similar reasoning in terms of the photo-generated current Ipn,
since it can be compared to the black-body photon flux at the
cell temperature Tc, hence:

IO = ACIfo Qj(Eg'Ta) (2)

in which the coefficient fo has been included to determine
correctly the total area foA exposed to the ambient photon
flux, Eg is the energy gap, Ta the ambient temperature, @ is
the photon flux and q the charge. Dealing with PV panels

and cells, if the PV cell provides a maximum power value
(Pmax) to which the voltage Vm and current Im values
correspond, then by using the I« (short circuit current) and
Vo, the fill factor (FF) parameter is defined as:

[ 3

155VOC

FF = M =
ISCVOC
The optimal value of FF parameter relative to a solar cell
with ideal electrical behaviour is described with subscript
"zero" and cannot be calculated analytically; it can be
demonstrated that the FFo value depends only upon the
following ratio:

V,
Voo = 25 (4)
kT

()

The FFo parameter is determined by the approximate
relationship:

Fig. 1. Principle of super-position within I-V characteristics
equated to a p-n junction working in dark and light
(illuminated) conditions.

FF simpact is of great interest in the efficiency and yield
of the PV cellgpanels because it contains, in its diverse
formulations, the maximum power Pmax [11], and both main
electrical parameters, namely Voc and Is.. From Eq. (3), it is:

(6)

Having set according to Figs. 1 and 2, Im and Vm
respectively the maximum current and maximum voltage
corresponding to the maximum power point (Pmax). P is the
theoretical power delivered by the PV panel. Now we can
understand the correlation between FF and efficiency in its
diverse formulation [12], that is:

)

Given theradiance G and area A of PV pandl, it is obtained:
Pinput =G-A (8)
The Eqg. (8) leads to the following equation (9):

(9
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Fig. 2. Fill factor and |-V characteristic.

Eq. (9) is very helpful in testing and characterizing PV
panels, even if it is done, as the main scope of present work,
in ashort time. It is also helpful to know that a good value of
FF is in genera greater than 0.75 and excellent panels
possess a value of FF around 0.85 that is associated with a
narrow interval of tolerance related to performance variations
[13,14]. However, solar power and irradiance are featured by
an intrinsic variability, related to changes in weather
conditions (i.e. sky image, cloud cover, precipitation,
sunshine duration and air pressure parameters), affecting
quality and stability of the power produced by the solar plant
[15]. The availability of accurate forecasting models is
fundamental for the optima modeling and scheduling solar
photovoltaic power plants. The autoregressive integrated
moving average model is usually employed for solar power
forecasting, considering solar power, solar irradiance and air
temperature the main parameters, covering a forecasting time
horizon from few hours to days. Also, in [16], the authors
employed empirical models and different machine learning
algorithms to estimate the global solar radiation in different
climatic zones of China. M. Afzaal et al. analyzed different
probability distribution functions (in particular, the Weibull
probabilistic model) for characterization of solar irradiance
patterns [17]. Results compared with those of Beta model,
certify model validity alowing to estimate solar irradiance
and, thus, PV panel power generation in the following years.

The solar cells are classified into four categories, called
generations, depending on constructive technology and
materials. The first generation includes cells based on
monocrystalline and polycrystalline silicon; the second
generation cells rely on thin-film technology, like amorphous
silicon, CdTe, CIS and CIGS. The third-generation cells
comprise solution based on no-semiconductor materials,
including organic solar cells (OPV), dye-sensitized solar
cells (DSSC), quantum dot (QD) cells, perovskite cells, etc.
The fourth-generation includes emerging PV technologies,
like the hybrid in-organic crystals with a polymer matrix.
Further details about the PV panels classification are
provided in the following sub-section 3.1.

3. Ageing Processes and Performance Lossin Il and 111
Generation PV Panels

In this section, we describe the main ageing processes
affecting the PV panels of the second and third generation,
resulting in the deterioration of the cells overal
performances, thus reducing the conversion efficiency of the
harvesting system [18].

3.1. Classification of 11 and 111 Generation PV Panels

The second generation of PV panels includes modules
based on thin-film technology of monocrystalline
semiconductors, such as hydrogenated amorphous silicon (&
Si:H), indium copper diselenide (CIS), cadmium telluride
(CdTe) (Fig. 3a), indium copper galium diselenide (CIGS)
(Fig. 3b), and gallium arsenide (GaAs), deposited on a thin
and flexible substrate which are widely spread on the market
and used in several applications, since their flexibility enable
the integration of solar harvesters in everyday objects (i.e.
portable devices, remote sensor nodes, self-charging power
supply systems, wearable applications etc.). However, these
PV technologies are featured by lower costs than those of the
first generation, but lower conversion efficiency compared to
bulk technologies [19, 20]. Specificaly, the thin-film
technology offers several potentialities to reduce production
costs due to the material savings and the manufacturing
processs scalability, suitable for the series production. For
instance, CIGS technology can reach relatively high
conversion efficiencies up to 22.6% [21 - 23], comparable to
commercia crystalline silicon cells. The GaAs technology
represents the most interesting from the point of view of
conversion efficiency, overcoming the 30-35%. However,
the high production cost and materia lack limit the
applicability of this technology, currently used for space
applications, where low weight and dimensions are required.

(a) (b)

S/ R |
Fig. 3. Fully monolithically integrated flexible CdTe solar

module (a); flexible CIGS module for outdoor applications
(b); flexible DSSC (c), and Perovskite solar cells (d).

The technologies belonging to third-generation PV cells
are the following: Organic Photovoltaics (OPV), Dye-
Sensitized Solar Cells (DSSCs) (Fig. 3c), Zinc Tin Sulphide
(CZTYS), Perovskite solar cells (PSC) (Fig. 3d), and quantum
dot solar cells [24, 25]. These technologies share a
production process requiring the deposition of active
materials in the form of liquid solutions, deposited on a
plastic substrate between two transparent electrodes (e.g.,
thin metallic layers, ITO-Indium Tin Oxide, etc.) to collect
the photo-generated current. Several research works deal
with the development of solar paints able to substitute the
conventional PV cells, given their enormous potentialities
ascribable to the productive processs scalability, high
flexibility, and low cost. The heterojunction cells can be
manufactured with the roll-to-roll deposition printing
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technology, allowing rapid and simple deposition of
polymeric films on a wide area, thus eliminating the
cleanroom's costs. However, the OPVs obtain lower
conversion efficiency than the second generation PV panels,
mainly due to the difference in exciton splitting between
organic and inorganic materials and the shorter exciton
lifetime in organic solar cells. DSSCs and quantum dot solar
cells are strongly attracting the scientific community's
attention, given the recent progress aimed to optimize their
conversion efficiency, reaching values higher than 10%,
thanks to the use of quantum dots and nanoporous materials,
alowing to enlarge the cell’ s absorption spectrum up to 60%
[26, 27]. The perovskite PV cells, since the introduction,
have rapidly reached very high conversion efficiencies
(>22%) [28]. However, this technology suffers from poor
uniformity of the manufacturing process, making the scaling
up of these devices very difficult. A significant issue of
perovskite cells concerns their environmental impact since
their lead content could contaminate water sources if a
proper encapsulation isn't added. The multi-junction solar
cells also belong to third-generation solar devices; they are
designed to collect energy on a wide range of wavelengths,
from the near-UV to mid-IR. [29]. This capability is obtained
by combining multiple semiconductor junctions (e.g. 2, 3, or
4) to maximize the conversion efficiency. Currently, I111-V
GaAs1«Bix aloys are widely studied for excellent properties
like charge carriers mobility, energy gap and doping
concentration, suitable to get high conversion efficiency.

3.2. Degradation Effects of the || Generation PV Panels

The PV cells are subjected to performance degradation
due to their deterioration over time [30 - 33]. The proper
understanding of the PV panels deterioration mechanisms is
essential for determining the solar plant’s lifetime and
forecasting its performances over the years. For these
reasons, the PV panel manufacturers are pushing on research
and analysis of degradation phenomena, models to reproduce
their effect on device performance and testing procedures to
determine panel reliability and improve their design. Based
on the degradation models, the plant managers can schedule
the maintenance and substitution plane for guaranteeing the
system performances. The degradation mechanismsinvolve a
gradual reduction of generated power as a function of some
environmental parameters, namely temperature, humidity,
water infiltration, UV radiation exposure, which determine
negative effects due to physical, chemical and mechanisms
reactions. The degradation processes differ according to the
different materials in terms of quantity and trend over time.
The degradation effect can be classified into five types, to
which the main performance losses are ascribable:

e Ageing of semiconductor materials, ascribable to the
introduction of defects into the semiconductor lattice,
when PV cells are exposed to harsh operative
conditions, such as high temperature and electric field,
inducing the migration of atoms and ions. Furthermore,
the high relative humidity, UV radiation and thermal
cycling can contribute to the active layers degradation.

e Degradation of packaging materials, like protective
layer delamination, the breaking of glass, opacification

of encapsulation material, and back-sheet infringement
reduce harvesting system performances (Fig. 4a, 4b).

e Lossof adhesion or corrosion of the contacts, due to the
detachment of the Ethylene-vinyl acetate (EVA)
protective layer from the back-sheet, not allowing solar
radiation to reach the PV pandl (Fig. 4c).

e  Failure of cédlsinterconnections, due to the degradation
of solder joints between the cells, caused by the SbPb
aloy's segregation, increasing the panel's series
resistance and reducing their performance.

e Deterioration caused by water vapour entry from the
delaminated edges of back-shest, resulting in contact
corrosion and increased current leakages (Fig. 4d).

Also, the migration of metal through the p-n junction as
well as the anti-reflective coating corruption represents other
performance degradation effects. The effect of dust and dirt
on the panel can significantly reduce the solar irradiance and,
thus, the conversion efficiency. In [34], authors proposed a
model to reproduce dust effect on the conversion efficiency
utilizing an experimental setup including two thin-film CdTe
solar panels and an MPPT (maximum power point tracker).
The experimental results, related to both the clean and dirt
panel, agree with those reported in the scientific literature.
For detecting the defects above listed, several techniques for
fault detection have been developed. In this context, in [35],
the authors developed an in-loco inspection system based on
photogrammetric therma analysis with a small drone for
determining panel defects, like hot-spots, fault of cell
encapsulation and deformation of covering resin. These last
induce localized high temperature compared to surrounding
area, making them easily identifiable by a thermogram. C.
Dunderdale et al. proposed a deep-learning and feature-based
approach to detect and classify defective PV modules using
thermal infrared images [36]. The scale invariant feature
transform (SIFT) descriptor, combined with a random forest
classifier, allows to identify a working PV panel from a
defective one with a significant cost reduction in defects
classification. Moreover, the value of series resistance is a
good indicator of the health status of the PV pandl. In [37],
the authors tested two extraction methods (i.e., CGSAA -
genetic algorithm and the simulated annealing algorithm and
iterative methods) to determine the PV panel’'s series
resistance from |-V characteristics measured under rea
operating conditions. The extracted parameters were
compared with those calculated with empirical laws,
obtaining optimal accordance. aSi PV cells show a power
reduction of ~20-30%, after the first exposition to a long-
time intense illumination, known as the Staebler-Wronski
effect. It is ascribable to the breaking of Si-Si bonds induced
by the optically-excited charge carriers, creating defects
which in turn cause areduction of the carriers lifetime [38].
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Several degradation mechanisms occur in CdTe and
CIGS thin-film solar cells, depending on the cell properties
and the applied stress. In CdTe PV cells, the copper used to
obtain an ohmic contact between the p-type CdTe and the
electrodes induce inclusions worsening the cell's electrical
performance [39 - 41]. Specifically, the conductivity of the
CdTe film is strongly reduced since the copper inclusions
introduce recombination centre close to the p-n junction,
resulting in a non-ohmic back contact. Also, an applied
voltage can deteriorate the CdTe film since it can attract the
copper ion near the top electrodes, affecting the cells open-
circuit performances [42]. The introduction of impurities
affects the net carrier concentration and open-circuit voltage
in CdTe film. In [43], the authors analyzed the effects of
impurity diffusion, namely antimony and oxygen, in CdTe
films, inferring a correlation between impurities
concentration and cell performances. Specificaly, for all
considered characteristics (Voc, FF, carriers concentration),
they reach a maximum value for a given impurities
concentration beyond that no further increase has been
obtained. Furthermore, Na migration from the front glass
into the CdTe film is another deterioration effect in CdTe and
CIGS cdlls. In [44], the authors used transmission electron
microscopy to anayze the structura and chemical
modification in the CdTe PV panels. They observed an
accumulation of Na in the discontinuous part of the CdS
layer. Also, they noticed a high accumulation of Na in the
TCO/SLG interface, causing the delamination of the
conductive oxide from the substrate.

The CIGS PV panels are negatively affected by high
temperature and humidity, particularly in flexible solar cells
where organic/inorganic coatings are employed [45]. Using
X-ray microscopy, in [46], the authors have observed the
creation and destruction of defects inside two models of
commercial CIGS cells (with large and small grains), acting
as recombination centre, thus reducing the diffusion length.
The authors observed an increase of voltage ratio, induced by
the x-ray beam, with the environmental temperature, in
correspondence of defect position, indicating an increase in
recombination and bandgap narrowing. Besides, atmospheric
gaseous species degrade the performances of CIGS solar
cells; in [47], the authors studied the influence of
atmospheric gases, such as carbon dioxide (COz), nitrogen
(N2), oxygen (Oz) and air on the performances of CIGS PV
modules. They demonstrated that the conversion efficiency
dlightly reduces when the panels are exposed to unpurged
water as well as water enriched with Oz and Nz. This

reduction is due to the partia dissolution of ZnO:Al layers,
leading to a new intermediate layer, featured by higher series
resistance. CIGS panels also suffer from donor-type lattice
defects, introducing deep electron traps induced by damp
heat treatment, which increases the device's compensation
degree and reduces the open-circuit voltage [48].

C. Yang et al. studied the effects of strain on the
performances of CIGS solar cells [49]. By anayzing the
boundary cracks induced by the applied stress, they have
derived a multi-linear characteristic between the Voc and s
parameters, featured by negative coefficients. Furthermore,
in [50], the authors developed two experimental setups to
carry out combined stresstestsin order to evaluate the effects
of temperature, humidity, illumination level, and electrical
parameters. These setups were used for determining the
influence of the deposition conditions and degradation level
on the mechanical and electrical stability of CIGS and CZTS
solar cells. The Molibdane (Mo) back-contact is a crucia
component for solar cell stability since mechanical (due to
lack of adhesion) and electrical failures can occur [19].

3.3. Degradation Effects of the I11 Generation PV Panels

Several protocols have been defined to determine the
stability of the organic solar cells, called 1SOS tests [51],
which ascribe the cells deterioration to temperature,
humidity, oxygen diffusion, UV light, and water infiltrations.
These protocols have been employed in several scientific
works for determining the OPV lifetime. In [52], the authors
have carried out stability tests on ITO-free solar cells over a
2-3 years time period in outdoor conditions; the obtained
results demonstrated that oxygen diffusion contributes to cell
degradation. Also, K. Kawano et al. analyzed the stability of
OPV solar cells, realized by a blend of the conjugated
copolymers, to different environmental conditions, namely
with white light irradiation and in the dark, and under air, dry
oxygen and moist nitrogen atmospheres [53]. The
experimental results have indicated that the main degradation
cause is attributable to the water absorption through the
PEDOT: PSS (poly (3,4-ethylene dioxythiophene): poly(4-
styrene sulfonate) coating, which induces the increase of the
resistance of the interface with the polymer blend.
Furthermore, in [54], the authors tested different small-
molecules OPV structures under UV illumination in an inert
environment. Obtained results indicated a reduction of the
Voc UP to 25% due to an increase of ITO's work function
caused by the reaction with the O2 plasma. Therefore, a
fundamental issue for OPV solar cells concerns the
encapsulation; as demonstrated in [55], encapsulated solar
cells degrade much less compare to no encapsulated ones,
mainly due to the role of oxygen and moisture. Also,
exposed OPV exhibited a reduction of I« within 60% of the
initial value, much higher than dark cells, probably due to the
increase of trap states or exciton limitation induced by the
incident radiation. Moreover, for no encapsulated, the FF
quickly reduced due to the air causing some oxidation
phenomena. However, the two degradations induce a
reduction of the conversion efficiency, mainly ascribable to
the l< reduction. Besides, mechanical stress plays an
essential role in the PV cdl's stability, mainly for thin-film
technologies, since the production process inevitably requires
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rolling, bending, and shearing of the polymeric layers.
Therefore, optimal resistance and characterization of the
polymeric layers to the mechanical solicitations are required
[56]. The plastifier addition is a viable way to improve the
OPV cells mechanical stability, reducing the glass transition
temperature, young modulus and ductility.

The DSSCs are also subjected to ageing effects due
mainly to optical and thermal stress, which modify the cell
performances. The main degradation phenomenon in DSSCs
concerns the loss of thiocyanate ion ligand of N719 dye,
accelerated by the exposition to air and UV radiation,
reducing the cell’s efficiency. In 2009, Kato et al. monitored
the behaviour of DSSCs after a durability test last 2.5 years
in outdoor conditions [57]. Using the Raman spectroscopy,
the authors verified that the TiO2 electrode impregnated with
N719 dye and the counter electrode remained stable.
However, the I value was unchanged after the durability
test, whereas the Voc value and the FF parameter were
dightly reduced. These effects were attributable to the
increase of the Nerst impedance diffusion triiodide (157) ions
induced by the electrolyte modification over time. L. Ciani et
al. investigated the ageing effects on DSSCs for different
functioning conditions [58]. At first, the DSSCs panels were
exposed to prolonged optical stress using a Xe lamp. After
several exposition cycles, the authors observed a reduction of
the provided current because of a decrease of the redox
couples I/Is induced by the UV radiation produced by the Xe
lamp, thus reducing the ability to produce electrons. Also,
the cells were exposed to combined optical and thermal
stress at different temperatures. The obtained results
demonstrated that exposing the cell at 75°C, a significant
reduction of their performance (i.eVo, Is, cOnversion
efficiency) has been observed. This effect is ascribable to
significant electrolyte evaporation that occurs at temperatures
higher than 75°C, passing through the edge sealing. For
unsedled solar cell, a faster reduction of the conversion
efficiency was observed in [59]. Furthermore, beneficial
effects have been demonstrated by adding MWCNTS to the
TiOgz, reducing the drop in efficiency compared to the cells
based on pure TiOz [60]. The authors have supposed that the
addition of the MWCNTSs network inside the anode limits the
recombination of the photo-induced charges.

The perovskite solar cells are affected by a stability
issue, limiting their applicability in a rea-life scenario.
Several scientific works have shown that perovskite materia
(CHsNHzsPbl3), the most used active materid, is intrinsically
unstable because of its hygroscopicity, and UV sensitivity,
inducing its parasitic conversion in Pbl2 and CH3NHasl. In
particular, in [61], the authors employed the laser beam
induced current (LBIC) method to determine the degradation
of PSCs caused by moisture. The authors have identified
different deterioration mechanisms ascribable to both
perovskite material and the hole transport material (HTM),
and so they suggested a strategy for increasing the stability
of the perovskite solar cells. Besides, ion migration
represents a problem for PSCs, since mobile ions degrade
perovskite over time; they cause a current/voltage hysteresis,
modifying the active material's bandgap locally, reacting
with the ETM and HTM, and leading to several issues [62].
Also, the oxygen diffusion inside the perovskite can

negatively influence the solar cell's performance and stability
[63]. The scientific community has widely analyzed the
effect of UV light-induced degradation of the perovskite
material. The UV-radiation induces competing generation
and destruction of defects acting as carrier traps, thus
reducing the cell efficiency [64]. Moreover, M. Saliba et al.
have analyzed the ageing behaviour and stability of PSCs
[65]; they demonstrated that the PSCs shows a very unusual
behaviour compared to other cell typology since feature by
time-dependent ageing. PSCs present a hysteresis of -V
characteristic during the MPPT, reversible placing the cell in
the dark. This effect must be considered when the PSCs work
in area scenario, hence subjected to day/night alternation.

4, Methods for Predicting the Solar Energy of the PV
Panels

Energy prediction is a topic of high interest. In Fig. 5, a
taxonomy of the different methods employed to predict the
PV produced energy is shown. In particular, our analysis has
focused on matrix and mother-PV methods in a detailed
manner. The first one is a simple solution for predicting the
produced energy by solar cells on the basis of direct
measurements carried out in real working conditions [66,
67]. The PV energy that could be provided by a PV module,
over a period of one year, is obtained by multiplying the
power matrix elements, P={P(Gi, Ta)} with those of the
climatic events matrix N={N(Gi, Ta)} and then adding the
terms of the matrix obtained in thisway:

(10)

The power matrix P={P(Gi, Ta)} has information on the
produced PV power depending on the incident radiation (Gi)
and room temperature (Ta). The P matrix elements P(Gi, Ta)
are obtained using the average of the power values provided
by the panel under measurement for one year, for each
different climatic situation (Gi, Ta):

(11)

Fig. 5. Taxonomy related to PV energy prediction methods.

Each P(Gi, Ta) matrix element is obtained by multiplying
Im and Vm values related to specific solar radiation and
climatic conditions (Gi, Ta). Lastly, the obtained matrix is
“filtered" by eliminating those points with a frequency of less
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than 3 (N<3, i.e. rare events) or resulting from measures with
high standard error (SDev/Avg > 20%, i.e. a wrong measure).
The climatic events matrix N(Gi, Ta) counts the number of
times that a determinate climatic event (Gi, Ta) occurs in a
year, information that can be obtained by the hourly data of
radiation and temperature by employing a standard online
weather software (e.g. Meteonorm), or by means of the direct
acquisition of (Gi, Ta) values using a climatic station located
near the PV panels. In the latter case, the obtained matrix
values have to be normalized by dividing them for the
acquisitions' number in an hour. The procedure to obtain the
P(Gi, Ta) matrix consists of a separated interpolation of the
current Im(Gi, Ta) and voltage Vm(Gi, Ta) values acquired by
the carried out measures. Then, the power matrix is obtained
by multiplying the matrix of current values with that related
to the voltage ones. The used equations are reported below:

G Gi
I = Iy see rsm : [1 +am- (AT : + T, — Ta,stc)] (12)

Gi,stc

2
sz m,StC+C0.ln(GGi )+C11H(GL> +ﬁvm

i,stc i,stc

(AT ST, - Tam)

Gistc

(13)

Being Imsc the current at maximum power point (MPP)
in Standard Test Conditions (STC), aim the temperature
coefficient of Im and AT = (Teai-Ta) both for a solar
irradiance value of 1000 W/m?, Vmsc the voltage at the MPP
in STC, Co and C: parameters of the PV panel, Pvm the
temperature coefficient of Vm, Ta the room temperature, and
Gi the incident radiation on the PV panel [68, 69].

Instead, the MotherPV method employs the normalized
disgtribution function (DF) of the solar resource (SR),
expressed in Sun's hours as a function of the solar irradiance
expressed in Suns, with steps of 0.025 Suns. Using this
discretization, the SR is fully represented by an easily
readable table consisting of approximately 50 lines.
According to the scientific literature, the DF must not be
calculated with time intervals between the irradiance
measurement instants larger than 5 min. In particular, time
intervals extended up to one hour lead to large not-acceptable
errorsin the real DF of SR [70]; thisis easily understandable
since during windy days but with the presence of the sun and
isolated clouds, the average value of solar irradiation in one
hour suppresses the high variations (low and high values) of
irradiation from the statistics. In [71], the authors proposed a
new model, applicable to the MotherPV method, for
reproducing the irradiance coefficient as a function of the
irradiance level, for six PV technologies, including the thin-
film ones (CdTe and CIS). This model was compared with
other ones reported already in the literature. The proposed
model provides the best accuracy compared to the other ones,
especialy for thin-film technologies.

A short-term energy prediction method, as a function of
panels ageing, is the topic of this work. PV panel ageing
aters its performances and makes the utilization puzzling in
a context of an extended wide grid. Testing ageing
phenomena requires compulsory and precise calibration of
the characterization architecture, especialy instruments and
panels [72]. Ageing is mostly due to two main causes,
intrinsic and environmental ones [34,73]. The first is due to

defects related to the fabrication process and environmental
reasons, bringing to heavy dust able to attack the panel
materials, and to high operating temperature. Figs. 6 and 7
depict intrinsic defects and attacking dust inside and on the
panel that greatly reduce its performance; in particular, Fig. 6
is taken from areal case studied in our laboratory, where the
testing architecture, described in the next section, is located;
it also illustrates three critical points on the surface due to
probable bad deposition of Si-monocrystalline.

Fig. 6. Intrinsic defects: zoomed digital imaging (left) and
corresponding thermal imaging (right).

Fig. 7. Dust deposition on the PV panels.
5. Experimental architecture for MPPT devices
calibration

Two identical PV panelswere used (i.e. TPS-105 175 W
Si-monocrystalline model) for the MPPT calibration. The
developed measurement apparatus is shown in Fig. 8; the
most important element in the acquisition system is the
Maximum Power Point Tracker (MPPT), an electronic
device that acts on the PV modules varying continuously
their operating point, to provide the MP they are capable of
[74,75]. As depicted in Fig. 8 and 9, the used MPPT is an
electronic system, not a mechanical one, able to continuously
move the PV panels to follow the daily movement of the sun
and so maximize energy production [76,77]. Its technical
features parameters are following reported:

e  Highaccuracy of the MPP tracking, Pmax (W) [74];

e  Simultaneous Im and Vm measurement with wide
voltage and current ranges (up to 200V / 20A / max
250W);

e  Temperature detection by 4 PT100 sensors located
under each PV module and connected to the data-
logger;

e Irradiance in W/m? using aCM11 pyranometer;

e Gavanically isolated RS-485 interface: a dialogue
between the PC master and one or more MPPTS;
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. 1-V Tracer: use of the MPPT3000 as settable |V Tracer;

e  Environmental parameters, namely air temperature,
humidity level, wind intensity and direction, by means
of auxiliary sensors.

The data acquisition system, included in the
measurement chain, acquires the voltage and current values
provided by PV modules, their temperature through the
Agilent 34970 data-logger, and environmental parameters
including the air temperature, solar irradiance level and wind
intensity by using a WS3650 wireless weather station (as
shown in Fig. 8). The block scheme of the multi-parameter
data acquisition electronic apparatus, shown in Fig. 8, has the
MPPT 3000 in the center, with indicated its connections with
al other sections [67, 78]. The employed MPPT is made up
of three modules connected to each other: the control board,
the power board and one for the user interface (Fig. 9); it
allows users to trace the 1-V curve of the under-test PV
panels and to acquire up to three signals coming from
connected transducers. For interacting with the MPPT, it is
possible to use some buttons and LCD or through the graphic
interface of the software installed on the PC. The produced
power is dissipated by a resistive load connected to the
MPPT output. After the description of the experimental
measurement and characterization chain, the calibration
scheme is shown in the following Fig. 10 and Fig. 11. The
reason of the experimental setup shown in Fig. 10 and 11 is
double: (a) both MPPTS, due to previous technical failures,
have to be re-calibrated before using them in the testing
system beside the others; (b) the calibration operation must
be performed, in real conditions, in a short time by
addressing technical requirements for long term testing.

Temperature - solar
radiation sensors

Fig. 8. Block scheme of data acquisition apparatus to detect
interest parameters and optimize PV panels working point.

(a) (b)

Fig. 9. Internal photo of the used MPPT3000 device (a);
MPPT power board with highlighted the different sections.

So, we used a Microcal 20 calibrator [79] inserted in the
envisaged chain, using also resistors connected in voltage
and current divider configurations; thereby, the acquired
voltage and current values cannot overcome the maximum
values for the calibrator (i.e 20 V and 50 mA respectively).
Fig. 10 illustrates the adopted experimental measurement
setup for the calibration of two MPPTs simultaneously, in
particular for detecting the PV modul€’s current (on the left)
and the voltage (on the right) [80].

Fig. 10. Detailed scheme of the calibration architecture.

Fig. 11. Electric connections with MicroCal 20 calibrator.

The calibrator, used as a reference measuring instrument,
mesasures at the same time, as well as aso the MPPTs, the
voltage and current values generated by two PV modules
using its two channels. As the MPPT, the MicroCa 20
calibrator has embedded data logger function to save the
detected data in its embedded memory device with .csv
format, to be, after downloaded by RS232 serial port.
Current and voltage values provided by both PV panels are
stored and displayed through a dedicated software, as
depicted in Fig. 12, together with the IV characteristic curve
of under-test PV panel.

Fig. 12. I-V curve of the under-test PV panel displayed by
MPPT software.
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6. Experimental resultsand Related Discussion

Based on previous architecture and setup, we performed
tests on several days in December, on the roof of Dept. of
Innovation Engineering-Salento University, where the lab is
located (GPS coordinates: 40.335273, 18.114991). The main
scopes of the experimental activity are the calibration of the
two MPPTs [81], repaired during the maintenance process,
and performing a power prediction in a short time, which is
very difficult. The experimental setup, reported in Fig. 13,
includes two Si-monocrystalline panels (TPS-105 175 W)
used for the MPPTs calibration, as well as four CdTe and
one CIGS PV modules (shown in Fig. 13a and 13b,
respectively) for performing electrical measures to predict,
then, the produced energy in a year. Fig. 13b shows the
CIGS module and the Klipp-Man CM 11 pyranometer used to
perform the panel's characterization (Fig. 13c and 13d). The
CM11 pyranometer measures the irradiance (W/m?),
resulting from solar radiation and passing through the
protective hemispherical cover. It is featured by a wide
detection range (310+2800 nm), a sensitivity from 4 to 6
nV/m?, and temperature dependence lower than 1%.

(a)

—_-——

I \
CIGS PV panel
I \
I \
N P (©
‘x
= 4

Klipp-Man CM11
pyranometer

(b) (d)

Fig. 13. CdTe modules located on the rooftop of Dept. of
Innovation Engineering (Univ. of Salento) (a). CIGS panel
mounted on support structure with CM11 pyranometer (b).
Detail of Klipp-Man CM11 pyranometer (c) and schematic
representation with highlighted the main components (d).

The tested CdTe panels are FS-275 model, manufactured
by First Solar Co., whereas CIGS PV module is produced by
Eterbright s.r.l. (model CdF-1000A1). The main features of
the employed PV panels are summarized in Fig. 14. The first
series of calibration yields to Fig. 15, showing plots, as a
function of time, related to the voltage values provided by Si-
monocrystalline PV panels, measured simultaneously by
both the Micro-Cal calibrator (Vcar) and MPPT (Vwmeer) for
verifying the proper calibration of the MPPT device; Pv is

the multiplication coefficient due to resistive divider.
Comparing the two plots, the difference between Vwmeer and
VeaL X Bv represents the MPPT voltage error (AV). In Fig.
16, the current values detected at the same time through the
MicroCal calibrator and MPPT are plotted, to certify the
MPPT calibration after technical intervention for repair;
differences between Imeer and lcaL X i represent MPPT error
(Al) in the current measurement. All plots have time as the
horizontal axis, with an observation period between 12 up to
4 pm. It is crucia to notice that used resistances are Arcol
HS100-47J with the following values: for voltage-divider
Ri=R2=47Q, for the current-divider Ri= 4.1 Q and R2=47 Q.

. Eterbright CdF-
Parameter First Solar-275 1000A1
Nominal Power [W] 75 110
Power tolerance +5% +5%
Vo [V] 92 73.4
Isc [A] 12 2.1
Vet [V] 69.4 56.9
Imper [A] 12 1.93
Maximm Volt. [V] 1000 1000
Size 600 mm x 1200 652 mm x 1234 mm x
mm X 68 mm 35mm

Fig. 14. Table with the specifications of tested PV panels.

Fig. 15. Plots as function of time of voltage values acquired
by the Micro-Cal calibrator and MPPT simultaneously to
certify the MPPT’ s calibration.

Fig. 16. Graphs with respect to time relative to the current
values detected by Micro-Cal cdibrator and MPPT
simultaneously to certify the proper MPPT calibration.

Continuing on the same reflection, below other voltage
and current plots are shown (Fig.. 17 - 18 and Fig. 19 - 20,
respectively), related to the following winter days;, al
temporal trends are correctly justified and agree with weather
conditions of those days, available through the wireless
weather station on-site (Fig. 8) [82].
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Fig. 17. Graphs with respect to time relative to voltage
values by calibrator and MPPT; rapid variations (orange
boxes) due to MPPT operating point changes to maximize
the extracted PV power following a solar radiation reduction.

As we obtained a database of all parameters, we
compared these data (related to only 5-7 days), with those
available for the same daysin the five-ten previous years (i.e.
from 2014 to 2018). Obvioudy, the interesting parameter is
the solar radiation for these five years [83 - 85].

Fig. 18. Graphs with respect to time relative to current values
obtained by the MicroCal 20 calibrator and MPPT and
related to Fig. 17 voltage plots.

r= ==
)

Fig. 19. Graphs with respect to time relative to detected
voltage values by means of the calibrator and MPPT; the
negative peak, in the blue box, due to solar radiation's
reduction for some clouds covering the sun.

DETECTED VOLTAGE [V]
DETECTED CURRENT [A]

VMPPT[V] ——1MPPT [A]

12:00 12:20 12:40 13:00 13:20 13:40 14:00 14:20 14:40 15:00 15:20 15:40 16:00
HOUR OF THE DAY

Fig. 20. Time trends of current/voltage detected by MPPT.

T

| | Produced power drop due |

;-
I
I
I
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Fig. 21. Extracted power from the under-test PV panel,
referring to current and voltage values shown in Fig. 20 and
detected by the calibrated MPPT 3000.

Then, Figures 22 (a, b, ¢) illustrate 3-days cumulative
radiation trends; it means that we summed all solar radiations
for same days and acquisition steps for five different years,
to be able to understand in depth the PV panels behaviour
and performance as well as to have a good database for
comparisons and metrics [15 - 17].

(a) Year
(b) Year
(c) Year

Fig. 22. Tota solar radiation for 3 december daysin 5 years.

After the MPPTs calibration, the power measurements
for both CdTe and CIGS PV panels have been performed and
compared with the data predicted by using the matrix
method. Below, only the data related to the CIGS panel has
been reported for three different days. The I-V characteristic
determination is based on current and voltage measurement
through resistances at the terminal ends of PV panel. Hence,
in ideal conditions, the power dissipated through resistances
has to be equal to the maximum power retrieved through
MPPT. So, we proceeded with the calculation of the
equivalent power dissipated through resistances, given by:

Peq = Req ' II\Z/IPPT (14)
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where Req varies according to the used configuration, that is
voltage or current divider. The measurements are affected by
some uncertainty, mainly due to resistances since the MPPT
uncertainty is neglected [86]. The uncertainty of type A,
thanks to datasheets, is computed according to:

(15

Eg. (15) allows us to determine the uncertainty affecting
Req; f represents the functional relationship of used divider, yi
stands for each involved parameter. The PV produced power,
just for 3 days, isdisplayed in Fig. 23 (a, ¢, and €), calculated
as Pvper = Vet ImpeT, Peg @nd Pypgy = (Req + U) " Lijppr
According to datasheet, uncertainty of voltage and current
dividers are 10% and 5%, respectively, according to the
resistance features. The issue of produced power is crucia
since our aim is to predict, by a short-time analysis, energy
production throughout the year, by means of the power
measurements carried out in outdoor tests, over a narrow
observation time. In Fig. 23 (b, d, and f), the power estimated
by the matrix method as a function of the solar radiation G
(W/m?2), obtained by CM 11 pyranometer, is shown relative to
power graphs of Fig. 23 (a, c, €) [87]. By observing power
trends over-time in Fig. 23 (a, ¢, €), we certified the correct
calibration of repaired MPPTs obtained by the MicroCa 20
calibrator-based measures previously shown in Figures from
15 to 19 [88]. Also, by comparing them with the respective
Figs. 23 (b, d, f) obtained by the matrix method to predict the
energy production, an excellent agreement has been found,
taking into account the uncertainty and data processing [89].
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Fig. 23. Graphs as a function of time of power produced by
the under-test CGIS panel (Eterbright CdF-1000A1) for 3
different days (a, ¢, and e), calculated as Purer, Peq and Pumax;
histograms related to estimated power by the matrix method,
asafunction of solar radiation values, for same days (b, d, f).

The power matrix, described in Eq. (11) and determined
by temperature (Ta) and solar incident radiation values (Gi)
(i.e. the climatic condition matrix N(Gi, Ta), Eq. (10)) thanks
to the used weather station (Fig. 8), alows us to correctly
predict PV energy production and to better understand the
capability of each solar panel or plant to generate the
required energy, not being able to rely only on technica
features and performance declared a STC by the
manufacturer. In this regard, energy prediction methods are
crucial as they can also take into account, statistically, the
ageing factors that degrade the panels' efficiency, over time,
often in a random manner. With a minimum database (panels
type, electrical parameters, orientation and inclination of PV
system, installation site and weather data easily available, e.g
through the Meteonorm website), the energy production can
be estimated with agood level of precision.

The degradation of PV modules is commonly expressed
in terms of degradation rate (Rd), representing the parameter
(Y) reduction from the initial value (Yo) (defined as Go-
global degradation) over a given observation interval (At):
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Rq(y) =240 [ 2 ] (16)

At year
Ga(V) = (1- Yl) £100 [%]  (17)

The parameters usually considered for the calculation of
Gda are the maximum power (Pma), maximum current (Im),
maximum voltage (Vm) and FF. In [90], the authors
monitored the degradation rates of different PV modules,
both in Si-monocrystalline and thin-film technologies and in
several operative conditions. The results demonstrated that
the average Rq values were equal to 1.50 %/year and 1.73
%lyear for Si-monocrystalline and thin-film technology
panels, respectively. Furthermore, M. Demirtas et al.
evaluated CdTe and CIS PV modules performances over 3-5
years, collecting their electrical parameters [91]. The final
results indicated that 14.49% and 21.24% power |osses were
obtained for CdTe and CIS PV panels, adso due to the
presence of micro-cracks and delamination. In [92], the
authors analyzed the performance loss rates and seasonality
of 11 PV plants based on different technologies, including
CdTe and CIGS ones. The plant performances were
expressed in terms of Rp defined as the ratio between the
actual energy production at the end of the year and the
nominal plant output. Using CSD (classical seasonal
decomposition) on five years measurements, the results
indicated that the performance loss rate for CIGS technology
was 2.35 %lyear (using First Solar FS60 model), whereas
2.42 %lyear for the CdTe technology (using Wurth Solar
11007/75 model) (Fig. 24). Also, we monitored the annual
energy production for our thin-film PV panels over a 10 year
observation period. In particular, a performance loss of 3.23
%lyear has been observed for the CdTe PV panels, aswell as
a2.76 %lyear for CIGS ones. The obtained results agree with
those reported in literature [92], with a difference of +0.81%
and +0.41%, for CdTe and CIGS PV panels, respectively.

Fig. 24. Performance ratio trends over five years for different
technologies (i.e. CdTe (red), CIGS (green) and aSi (blug)).

7. Conclusions

The ageing effects of PV panels are extensively analyzed
by the companies and scientific community to develop
predicting methods of their provided power over time. This
research provides, at first, a comprehensive overview of the
ageing mechanisms in Il and Ill generation PV panels and
the most used predicting methods. Afterwards, an
experimental measuring apparatus was presented for proper
calibration and operating mode check of MPPT devices, that
need to be calibrated after any repairs, directly connected to
the PV panels, a low measurement error (< 1,5%) was
determined by comparing the current and voltage values
measured by MPPT with those supplied by a reference
measuring instrument. Besides, we demonstrated that short
term-based measurements of the produced power from
under-test panels can be properly used to estimate energy, by
using the matrix method, over a wider period on the proviso
that a correct database related to long term-based
measurements are available for a comparison. The realized
site with PV panels installation has a database over 10 years
long related to the produced power, as function also of the
solar irradiance and temperature values for different panels
technologies [66, 67]. Presented experimental approach is
not always easy and reliable in those regions with four
seasons and frequently changing weather conditions, but the
use of calibrated MPPT in appropriate measurement system
with available long-term measures database, makes it easier.

Nomenclature

PV Photovoltaic panel ImpPT Current value measured by the MPPT [A]

CIGS Copper Indium Gallium diselenide leal Current value by the Micro-Cal calibrator [A]
CdTe Cadmium telluride lo Dark saturation current [A]

aSi:H Hydrogenated amorphous silicon Iph Photo-generated current [A] (Eq. 1)

CIGS Indium copper gallium diselenide Imstc Current at the MPP in STC [A] (Eq. 12)

GaAs Gallium arsenide Prmax Maximum power [W]

OoPVv Organic Photovoltaics Pt Theoretical power provided by PV panel [W]
DSSCs Dye-Sensitized Solar Cells P, Equivalent power dissipated through resistances
CZTS Zinc Tin Sulphide Pweer Power measured by the MPPT

PSC Perovskite solar cells Pymax Maximum power dissipated by the Req resistance
ITO Indium Tin Oxide Pinput Incident luminous power [W] (Eq. 7)

EVA Ethylene-vinyl acetate Poutput output electrical power [W] (Eq. 7)

MPPT Maximum Power Point tracker P Power matrix

LBIC Laser beam induced current P(Gi, TQ) Element of power matrix

HTM Hole transport material N Climatic Event Matrix
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ETM Electron transport material N(Gi, Ta)  Elements of the matrix of the climatic events
Voc Open-circuit voltage [V] ks Boltzmann Constant
Vm Maximum voltage[ V] q Electron charge [C]
V mper Voltage value measured by MPPT Req Equivalent resistance of voltage/current divider
Veal Voltage by Micro-Cal calibrator STC ggnf(%g :/t\a/s/tn?g gg('jtfr,\]: (:T1='5§5 G
Vmstc Voltageat MPPin STC[V] (Eq. 13)  Eg Energy gap (eV) (Eq. 2)
Isc Short circuit current [A] uv Ultra-violet
Im Maximum current [A] FFo Ideal fill factor
DF Distribution function FF Real fill factor
SR Solar resource D Photon flux
AV Voltage error [V] Gi Incident radiation
Al Current error [A] G Solar irradiation on amodel plane [W/m?]
n Conversion efficiency f Functional relationship of used divider (Eq. 15)
o Maximum conversion efficiency v Para_meter_ involved in the voltage divider
relationship (Eg. 15)
A Panel Area[m?] Ui Uncertainty affecting Req related to yi parameter
Ta Ambient temperature [K] Ut Total uncertainty affecting Req
Tec Cell temperature Tc [°C] SDev Standard deviation
AT zarne(;ng)elegagycr;]a difference between air Avg Average
fo Corrective factor for panel area (Eq. 2) oum Coefficient of temperature of Im[°C?] (Eq. 12)
E Energy produced in ayear [Wh/year] Co Parameters of the PV panel (Eq. 13)
Gistc fgi]zri t'igﬁ' ?fggod\;e\f/'/?neg by the STC Cu Parameters of the PV panel (Eg. 13)
Ty stc Ambient temp. STC conditions (25 °C) v Multiplication coefficient due to voltage divider
RMSE Root Mean Square Error Bvm Temperature coefficient of Vim [°CY] (Eq. 13)
LID Light-induced degradation IR Infrared
Rp Performance ratio R Degradation rate
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