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Abstract

This paper aims is included in a line of research aiming to develop an automatic acquisition system for the fault detection in
PV plants. The performance of photovoltaic (PV) generators can be modeled using electrical equivalent circuits with parameters
ranging from three to seven. This study compares the equivalent circuits to extract the parameters for half-cells of PV modules
tested under natural sunlight and partial shading. The tests, conducted at Politecnico di Torino (Italy), reveal that the four-parameter
model provides an optimal balance of accuracy and computational efficiency under sunlight, whereas the five-parameter model
demonstrates higher accuracy under partial shading. These insights are essential for implementing effective fault detection systems
in PV plants to distinguish between faults and suboptimal operating conditions such as partial shading.
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I. INTRODUCTION

The escalating global population and urbanisation have led to a substantial increase in global energy consumption, with a
shift from conventional fossil fuels towards Renewable Energy Sources (RES). Among these, PhotoVoltaic (PV) plants and
wind farms are the most important thanks to their high reliability and lack of polluting emissions. One area of study in
wind farms is figuring out how well wind turbines really work by comparing the readings from special instruments called
Supervisory Control and Data Acquisition (SCADA) with what the manufacturers say they can do [1]. Within the PV field,
scientists are working on projects aiming to create new PV materials with higher performance, like perovskite [2], to improve
the reliability of PV systems by advanced monitoring techniques [3], [4] and the efficiency of conventional PV systems.The
performance of PV generators can be modelled by electrical equivalent circuits with a variable number of parameters. The
Single Diode Model (SDM) and the Double Diode Model (DDM), which have 5 and 7 parameters, respectively, are the two
most popular circuit models [5]. A considerable amount of research has already been performed in this field, mainly regarding
the accurate tracking of the Maximum Power Point (MPP) under many irradiance conditions. There are well-known models
that use equations to figure out the parameters of an equivalent circuit from the current-voltage (I-V ) characteristic curve
of PV modules [6]. However, over the last 20 years, improved algorithms have been developed in computer technology to
numerically extract parameters of equivalent circuits [7]. Actually, numerical optimisation methods are generally required due
to the non-linear characteristics of the I-V equations for the equivalent circuits [8]. Among these, the most common ones
are the genetic algorithm, particle swarm optimisation, simulated annealing, evolutionary algorithms, differential evolution
algorithms, and artificial neural networks. Moreover, some papers in the literature investigated different circuits, spanning from
the one-parameter to the nine-parameter models [9]. They differ in terms of accuracy and computational cost, and the selection
of the most adequate circuit is affected by the individual needs [10]. However, little investigation has been carried out on the
effects of partial shading on the parameters of these equivalent circuits.



The focus of existing literature is related to the accuracy improvement of parameters’ extraction to better detect the MPP
under sunlight, and investigations regarding the performance under shading have not been carried out. This research field aims
to build a model permitting automatic diagnostics by the inverters of multi-megawatt PV plants based on the equivalent circuit’s
parameters. In particular, this future technique will be based on the comparison between the equivalent circuit’s parameters
extracted in real time by the inverters and reference values, corresponding to healthy arrays. In this context, the model will
need to distinguish between faults or failures and feasible but not optimal operating conditions, e.g., mismatch due to partial
shading.

This paper compares the equivalent circuit’s parameters determined for half cells of ten identical PV modules tested under
natural sunlight and under shading at the university campus of Politecnico di Torino (Torino, Italy), determining which performs
better under sunlight and mismatch conditions. An indirect procedure was used to determine the /-V curve of shaded cells, and
the results were obtained for four circuits, with a number of equivalent circuit’s parameters between 3 and 7. The structure
of the work is the following: Section II will describe the indirect methodology employed to determine the I-V curve for
shaded cells. Section III presents the equivalent circuits employed in this work and the numerical methodology to extract their
parameters. Section IV describes the measurement system used to acquire the experimental data, and Section V includes the
results. Finally, Section VI contains the conclusions.

II. REVIEW OF EQUIVALENT CIRCUITS FROM LITERATURE

In literature, many equivalent circuits permit to determine the I-V curve of PV generators. Such models differ in terms of
number of parameters, complexity, and, thus, computational cost. This section presents the most common equivalent circuits
used in literature by highlighting their differences.

A. 3 Parameters Model (3P)

The simplest equivalent circuit is show in Fig. 1: such a model includes three parameters, namely the photogenerated current
Ion, which represents the current generation in the p-n junction of the PV modules; the reverse saturation current Iy, which
models the losses due to diffusion and recombination in the junction; the diode ideality factor n, which represents the non-ideal
behaviour of the p-n junction as a diode[11]. The equation of this equivalent circuit is the following:
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Fig. 1. Equivalent circuit with 3 parameters.

q-V
I:[ph—Ij:Iph—Io-(e"'kB'TC —1) (1)

where q is the electron charge (1.602-10~ ' Q), kg is the Boltzmann constant (1.38-10723 J/K) and T is the cell temperature.
As equation 1 is explicit, a numerical method is not required to determine the points of the /-V curve. Indeed, an analytical
solution can be obtained starting from the knowledge of the equivalent circuit’s parameters, requiring a negligible computational
effort.

B. 4 Parameters Model (4P)

The equivalent circuit with 4 parameters (Fig. 2) includes one additional parameter[12], the series resistance Rs[13], which
takes into account ohmic losses due to the presence of frontal electrical contacts (busbars and fingers) in PV modules[14].
This term is, generally, low (i.e., a few m{2 per solar cell), and the equation of the circuit is the following:
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Fig. 2. Equivalent circuit with 4 parameters.
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The presence of the series resistance in the model complicates the solution of the equation. Actually, equation 2 is implicit,
and an analytical solution of the problem is not possible. Hence, starting from this model, a numerical algorithm is necessary
to solve the implicit equation, with a significantly increased computational time with respect to the 3-parameters model.

C. 5 Parameters Model (5P)

The equivalent circuit with 5 parameters, namely ”Single Diode Model” (SDM) (Fig. 3), is the most common and, generally,
represents a good compromise between simplicity, high accuracy and low computational cost. With respect to the 4-parameters
model, this circuit includes one additional resistor, the shunt resistance Rg,, which takes into account leakage currents through
the lateral surfaces of PV cells. This term is, generally, high (i.e., tens or hundreds (2), and its contribution can be neglected
in most of applications [15]. The equation of the 5P is the following[16]:

Fig. 3. Equivalent circuit with 5 parameters.
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D. 7 Parameters Model (7P)

With respect to the 5P, the equivalent circuit with 7 parameters, namely “Double Diode Model” (DDM) (Fig. 4) introduces
one additional diode to separately take into account the effects due to diffusion and recombination in the p-n junction. In
literature, this model is, generally, preferred in case of mismatch, e.g., due to partial shading, or, in general, in case of low
irradiance [17][18]. The equation of the 7P is the following:

Fig. 4. Equivalent circuit with 7 parameters.
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III. METHOD FOR THE EVALUATION OF THE /-V CURVE OF A SHADED CELL

This work aims to obtain the equivalent circuit’s parameters for one shaded cell in 10 PV modules. An indirect method is
used to obtain the I-V curve of the shaded cell starting from the knowledge of the curve for the PV module and is presented
in [19]. The method, known as “One Module (or One String), Two Tests”, requires the measurement of two I-V curves for
one PV module or string consisting of N series-connected cells under natural sunlight. For this activity, a high level of solar
irradiance is suggested, i.e., higher than 800 W/m?. In the first acquisition, the module or the string are uniformly irradiated
under natural sunlight ("N, irradiated cells”). On the contrary, the second test involves the measurement of the module or
string with (N — 1) irradiated cells and one shaded cell (1 shaded cell and N; — 1 irradiated cells™).

The two acquisitions are suggested to be performed in a very short time (maximum suggested interval: a couple of minutes)
to reduce fluctuations of environmental parameters (cell temperature 7, and irradiance ). After the two measurements, the
method consists of the following steps:

« Evaluation of the curve for the module with (Ng — 1) irradiated cells. The I-V curve of one cell can be determined by

dividing the I-V characteristic of the string or module by the number of series-connected cells. In this case, the I-V curve
of the module with (N; — 1) irradiated cells can be derived by the following proportional assumption:



VNs—l = VNS . (Ns - 1)/Ns (5)

where Vi and Vg1 are the voltage of the module with Ng and N — 1 irradiated cells, respectively.

Correction of the curve for the module with N irradiated cells. In order to obtain /-V curves measured in the same
environmental conditions, the data for the module with N irradiated cells (measured conditions) were corrected to the
environmental conditions in which the curves of the modules with (N; — 1) irradiated cells and one shaded cell were
obtained (corrected conditions). Such a correction was performed according to the following equations:

Gcorr

Teowr = Im + Isc,m : (G - 1> +ta- (Tcorr - Tm) (6)

Vcorr = Vm - Rs,m . (Icorr - Im)
- k : Icorr . (Tcorr - Tm) + 6 . (Tcorr - Tm) (7)

where:

— I.or is the current at corrected environmental conditions.

— I, is the measured current.

— Iym is the measured short circuit current.

— Viorr 18 the voltage at corrected environmental conditions.

— Vi is the measured voltage.

— Ry is the series resistance of the module.

— Georr 18 the corrected irradiance.

— Gp is the measured irradiance.

— Teorr is the corrected cell temperature.

— T, is the measured temperature.

— « is the thermal coefficient of the current (0.045%/°C).

— [ is the thermal coefficient of the voltage (-0.275%/°C).

— k is a correction parameter.
Evaluation of the I-V curve for the shaded cell. The curve of one shaded cell is obtained by subtracting, for the same
current, the voltages between the curve of (Vg — 1) irradiated cells and one shaded cell (subscript ”1s”), and the curve
of (N — 1) irradiated cells. Before subtracting the curves, an interpolation is performed on the current: the currents of
the I-V curve with Ny — 1 irradiated cells are interpolated to match the values of the 1s curve. Hence, for each it current
value of these curves (;), the voltage of the shaded cell Vy; is obtained as follows:

Vani = Visi — Vins-1)i ()

IV. DESCRIPTION OF THE ACQUISITION SYSTEM

A. PV modules under test

In this work, the I-V curve of one shaded cell for 10 flexible photovoltaic modules consisting of 4 half-cells (Fig. 6) is
obtained with the method presented in the previous section. At STC, these modules have an open-circuit voltage of 2.6 V, a
short-circuit current of 4 A and a maximum power of 6.2 W. In addition, the equivalent circuit’s parameters are extracted for
each cell, with statistical evaluation of the repeatability.

B. Description of the acquisition system

The data acquisition system used at Politecnico di Torino for the measurement of the /-V curves PV modules is composed
of the following devices:

one RTD sensor to measure the temperature of PV cells on their rear side (7},) with uncertainty of +0.26%.

one secondary standard pyranometer, used to detect the solar irradiance incident on PV modules (G) with uncertainty of
+1.42%.

one Electronic Load HH PLA 812 (maximum power of 800 W, resolution of 16 bits, sampling rate of 1 kSa/s, uncertainty
i £0.2% on current and voltage) is used as a resistor with variable resistance to acquire the current and voltage signals
from PV modules.

one NI-9216 module (resolution of 24-bit, and sample rate of 50 Sa/s) receiving the signal from the RTD sensors, and one
NI-9219 module (resolution of 24-bit, and sampling rate of 100 Sa/s) receiving the signal from the pyranometer. These
modules are connected to one NI-CompactDAQ board, with four slots and equipped with a USB interface.

one PC running a LabVIEW software to manage the acquisition of the electrical and environmental signals.
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Fig. 6. Picture for one out of the 10 PV modules under test.

C. Extraction of equivalent circuit’s parameters

In this work, the Differential Evolution algorithm is used to extract the parameters of the 4-parameters model, of the SDM
and DDM. This method is a stochastic population based method used for global optimization problems. At each step, the
method selects a trial candidate by mixing each candidate solution with others. Many strategies are available to create trial
candidates: in this work, the ‘bestlbin’ strategy is adopted, in which two members of the population are randomly chosen and
their difference is used to mutate the best member. This method does not evaluate the gradient to identify the minimum of
the objective function, and can search large areas of candidate space, but a high number of function evaluations is, generally,
required. A trial vector is then constructed and its fitness is compared with the original candidate: the best candidate replaces
the old one. In this work, a maximum number of iterations equal to 1000 and a tolerance of 1% are set.

V. RESULTS

The equivalent circuit’s parameters were extracted for 10 flexible photovoltaic modules consisting of 4 half-cells under
natural sunlight and under partial shading. In particular, the parameters were numerically determined for four models: the 3P
(Uph, Lo, n), 4P (Ipn, Io, m, Rs), SP (Ipn, o, n, R, Ran), and the 7P (Lo, Lo1,n1, Lo2, N2, R, Ren). The results from these models
were compared to identify the circuit with best compromise between high accuracy and low computational time under sunlight
and under shading, and table I reports the median values for the Root Mean Square Error (RM SFE), the deviation at the
Maximum Power Point (MPP) and the computational effort for ten modules analyzed, divided by mathematical model. The
3P was the least accurate model in both conditions, with a median RMSE of 2.02% and 15.8 % and a median deviation at
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Fig. 7. Scheme of the acquisition system

MPP of 5.54 % and 3.24 % under sunlight and partial shading, respectively. Fig.10 confirms these values as it presents the I-V
curves of the same single cell of module number 2, all under high solar radiation, modelled with the equivalent parameters
and from experiments: the 3P curve is the worse and the farthest from the measurements. On the contrary, the computational
time required to extract its parameters was the lowest (< 1s for both conditions).

Despite the 7P required the highest computational effort (> 15 s for each parameters extraction), the accuracy of its results
was not the best for any condition. As expected, under sunlight, the median RM SFE and deviation at MPP obtained for the
7P were the lowest, being 0.61 % and 1.81 %, respectively; however, these results were comparable with that of 4P and 5P.
In addition, the 7P results were not the best in the partial shading scenario as the 5P achieved lower median RM SE and
deviation at MPP (0.9 % and 0.796 %, respectively). Hence, such results do not justify the adoption of the 7P for real fault
detection applications since its requires the highest computational effort but its results were comparable with other models
under sunlight and they were not the best under partial shading.

The median RM S E and deviation at MPP of the 4P and 5P were comparable under sunlight (=~ 0.68 % and 2 % for both the
models), but the computational time of the 5P was almost double that of 4P (=~ 8 s vs. 4 s). Hence, under sunlight condition,
the 4P was the optimal compromise as its results showed almost the best accuracy and a reasonably low computational time.
Under partial shading, the performance of the 4P was closer to that of 3P rather than that of 5P. Fig.11 depicts the I-V curves
modeled with the extracted parameters, as well as the measured /-V curve under mismatch; the cell is the same showed in 10.
In this case, the approximation of the 4P curve is as bad as that of 3P as the absence of the Ry, has a significant impact in
case of shading. Actually, despite its median deviation at MPP was comparable with that of 5P (=~ 0.7 %), its RMSFE was
about five times higher than that of 5P. Thus, under shading, the 5P represented a better match rather than 4P as it provided
a much better accuracy for the overall I-V curve with an acceptable computational effort.

In Fig.8 and Fig.9, the distributions of errors at the MPP and the RMSE for the PV modules under natural sunlight and
partial shading, respectively, are shown. The two figures consist in a matrix of plots: the diagonal plots provide the kernel
density estimations of RMSE, error at MPP and execution time, while the off-diagonal plots present the correlations between
two out of the three parameters. Regarding the RM SE - computational time and the deviation at MPP - computational time
plots, the optimal model would provide results in bottom left corner of the figures, which corresponds to high accuracy and
low execution time. According to this interpretation of the plots, the 3P and 7P models results are far from the optimal region
due to low accuracy (3P) and high computational effort (7P) for both conditions. On the contrary, the 4P model is the optimal
in the sunlight scenario as its results are the closest to the optimal region of the plots.

Regarding the partial shading condition, the results present in Fig.9 delineate a different interpretation. Indeed, the RM SE
distribution for the 4P is sparse, with its median exceeding that of the 3P. Despite the distribution of the deviation at MPP is



2.0 "5’ §
o..u =
g
w
u
E [ . ®
L L] L]
» -
=. % L ]
s e
o e °
L ] L ]
..s. §
—_ .. L] ]
= 5 °* H
=%
24
=) . Model
) g L]
2 3 e 3P
% ...3 ':'. °® :::
g ) ®
Al w *8
8 g ° P
1 o (]
L ] L ]
L ] L]
60 ® °
E 50
L5
40
E 0. f..)
c
g 30 o ® . ®
=3
g 20 .
I.ﬁ - L
10 0i%e * 062 *
- . .‘. -
0 LL (] LL 0
0 1 2 0 2 4 6 =25 0 25 50 75
RMSE (%) Deviation at MPP (%) Execution time (s)

Fig. 8. Distributions for the modules under sunlight.

TABLE I
MEDIAN RESULTS FOR THE MODULES UNDER SUNLIGHT AND PARTIAL SHADING

Modules under sunlight

Parameter 3p 4P 5P 7P
RMSE (%) 2.02 0.681 0.68 0.61
Deviation at MPP (%) 5.54 2.04 2.14 1.81
Execution time (s) 1.11 4.1 7.79 36.2
Modules under partial shading
Parameter 3P 4P 5P 7P
RMSE (%) 3.24 5.59 0.9 0.904
Deviation at MPP (%) 158 0.751 0.796 1.07
Execution time (s) 0.832 1.4 4.44 159

comparable to that of 5P, the prediction of the I-V curve with the 4P model is much worse. Hence, under partial shading, the
5P is the optimal model with the best trade off between low computational cost and high accuracy of parameters extraction.
In the future the method used in this study will be tested on more photovoltaic modules built with different technologies to
further validate and potentially enhance its effectiveness.

VI. CONCLUSIONS

The presented paper contributes to the field of photovoltaic (PV) research by exploring the potential of using equivalent
circuits’ parameters for automatic fault detection of PV plants. In particular, this study investigates the applicability of different
equivalent circuits to extract the parameters for half cells of ten identical monocrystalline silicon PV modules tested under
natural sunlight and partial shading. Results indicate that the four-parameters (4P) model outperforms the five-parameters (5P)
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Fig. 9. Distributions for the modules under partial shading.

model, being the optimal compromise between high accuracy and low computational time under sunlight. Indeed, the 4P
provides median Root Mean Square Errors (RM SEs) and deviations at MPP comparable to that of more complex models
(= 0.7 % and 2 %, respectively), with reasonably low computational effort of each parameters extraction (= 4s). On the
contrary, the optimal model for the partial shading condition is the 5P as it provides higher accuracy than the 4P, with median
RMSE and deviation at MPP of ~ 0.9 % and 0.8 %, respectively. The integration of the 3P and the 7P in real fault detection
applications is not possible due to a too low accuracy (3P) or a too high computational time (7P). This information will be
used in future works to develop an algorithm for fault detection in PV plants: this algorithm will be based on 4P model under
sunlight and 5P model under partial shading to distinguish between faults and sub-optimal operating conditions.
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