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Abstract

The performance of photovoltaic (PV) modules can be assessed using several models, with the most common being the
Osterwald model, which states PV power is proportional to solar irradiance. However, the models based on electrical equivalent
circuits, which have a variable number of parameters affected by environmental conditions like irradiance and temperature, can
be used to increase the accuracy of PV power estimation. Actually, understanding these parameters in any weather condition can
help predict PV generators’ performance with higher accuracy than commonly used analytical models. This work is inserted in
a research field aiming to develop a model for the automatic diagnosis of PV plants by their inverters based on the equivalent
circuit’s parameters. This study compares the application of a method for evaluating PV power based on the single diode model
to PV modules tested at two different installation sites. The devices under test are 7 modules, tested in Turin (Italy) and Jaén
(Spain), with different technologies, rated power (up to 370 W) and efficiency (up to ~21%). The accuracy of such a technique
is validated by comparing the power estimation by such a methodology with that of the Osterwald model.

Index Terms

high efficiency PV modules, equivalent circuit’s parameters, single diode model, parameters extraction, Simulated Annealing,
Nelder—Mead.

I. INTRODUCTION

The exploitation of Renewable Energy Sources (RES) [1] is one of the actual challenges to reduce the polluting emissions
and the environmental impact of power generation systems. Currently, PV and wind power systems are the most widespread
renewable energy systems over the world. The main research activities regard the enhancement of their self-sufficiency and
self-consumption [2], and the development of methods to correctly estimate their performance and compare measurements
with manufacturer specifications [3]. Among the RES, the PhotoVoltaic (PV) technology is the most relevant and reliable
[4] due to the low costs related to its installation, operation, and maintenance [5]. Equivalent electrical circuits may be used
to measure the output of PV generators, and one of the most important research topics being investigated by PV industry
experts is determining the parameters for these circuits [6].

In literature, several equivalent circuits are proposed, including the simplest model, which is a 3-parameter model, and
the most complex one, that is a 9-parameter model. The accuracy of circuits with many parameters is, generally, higher
than simpler circuits, but the computational cost required to extract the parameters is higher as well. Hence, the optimal
trade-off between high accuracy and low computational cost in the parameters extraction process needs to be addressed [7].
However, since the parameters are affected by environmental circumstances, their values change according to the operating
scenario of the modules. Several techniques are provided to determine the parameters from measurements [8] and the best
are evolutionary methods [9], with the most diffused algorithms being: Levenberg-Marquardt (LM) [7], Simulated-Annealing
(SA) [10], Nelder Mead (NM) [11], Newton Raphson algorithms [12], genetic algorithm [13], and particle swarm optimization
(PSO) algorithm [14].

This paper is inserted in a line of research aiming to propose a methodology for the automatic fault detection of PV
plants. Current diagnosis techniques are based on conventional tests as the infrared thermography or electroluminescence
[15]; however, these tests are expensive as Multi-MW PV plants, generally, require the use of drones [16], and a continuous
monitoring of the state of health for PV plants is not possible. Hence, this line of research proposes to develop a sensorless
technique, in which the inverters will extract in real time the equivalent circuit’s parameters and they will compare such values
with reference parameters, corresponding to healthy modules. This work applies the method presented in [17] to predict PV
power using information from the equivalent circuit’s parameters. Such quantities are identified by using an evolutionary
method that is a combination of the SA and NM algorithms. The innovative aspect of this work regards the application
of this technique to seven PV modules and the comparison between the results from two different locations (Turin, Italy



and Jaén, Spain). The modules vary in terms of technology and nominal power, which ranges from 100 W to 370 W. The
technique is validated by comparing the power prediction with measurements and with the results from the Ostwerald model,
which indicates that PV power is proportional to irradiance and depends on temperature through an appropriate temperature
coefficient [18]. Although other empirical models are available in the literature, their coefficients are significantly influenced
by the devices under test, potentially reducing their effectiveness with different PV generators. An example of an empirical
model is provided in [19].

The organization of the paper is the following: Section II describes the measurement systems used to obtain the current-
voltage (I-V) curves of the analysed PV modules. The specifications of the PV modules are provided in Section III, while
Section IV contains the results after parameters extraction and power estimation. Finally, Section V offers the conclusions.

II. MEASUREMENT SYSTEM

This research examines data obtained from two distinct electronic measuring systems that undergo periodic calibration. The
Universidad de Jaén (Jaén, Spain) has the second system installed, whilst Politecnico di Torino (Turin, Italy) has the first. The
same configuration is used to determine the I-V characteristic of the modules: a power breaker regulates the operation of a
power generator that supplies a capacitor, initially discharged. The PV module feeds the capacitive load from the short-circuit
condition to the open-circuit condition when the circuit closes. Typically, the required charging transient time (t) dictates
the capacitance of the capacitive load. According to [20], the capacitance of the load is chosen in Italy to achieve transient
durations < 1 s for any measurement condition. In this measuring system, an Automatic Data Acquisition System (ADAS)
permits to acquire the irradiance, air temperature 7;, PV current and voltage. The ADAS is made up of the following parts
and is calibrated on a regular basis:

o A laptop computer running the LabVIEW application simulates a waveform logger

o An A/D converter (resolution of 16-bit, sampling rate up to 1.25 MSa/s, maximum input of £10 V) and multiplexer are

included on a multifunction data collection board.

« A differential voltage sensor that can withstand voltage levels of as high as 1400 V, with two attenuation ratios of 20:1

and 200:1.
o Two current sensors (Hall effect), one for measuring current and the other to act as a trigger source (output sensitivity
of 100 mV/A for currents reaching +30 A).

o A secondary standard pyranometer measures irradiance with less than £2% uncertainty.

« A thermometer to measure the module’s backside temperature.

« A thermometer to acquire ambient temperature.

The scheme of the circuit used in Italy is reported in Fig. 1.
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Fig. 1: Schematic of the measurement circuit in Italy.

The two distinct systems in Spain that make use of the created ADAS are situated on the roof of the Universidad de Jaén
solar energy laboratory. The fact that one of the two systems has a two-axis sun tracker is one of their primary distinctions.



This system is called the “Tracking System”, while the other is called the “Fixed System”. The devices allow to periodically
acquire weather quantities and the characteristic curves of four PV modules. The layout of the two systems is shown in
Fig. 2; the equipment in purple and orange rectangles belongs to the TS and FS, respectively, while the elements in blue
rectangles are shared components. The majority of the components are located in the laboratory, but the sensors for gathering
the primary data (voltage, current, irradiance, air temperature, and module temperature), as well as the PV modules and their
iron support, are mounted on the roof.
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Fig. 2: Schematic of the measurement circuit in Spain.

The following elements make up the ADAS in the Spanish tracking system:

« Every PV module has a circuit board, created by the Universidad de Jaén’s IDEA research team, in its junction box.

¢ One Pt100 sensor is placed on the rear of each PV module to measure PV temperature.

o Two highly accurate multimeters monitor the voltage drop across the PV terminals and over a shunt resistor with
class 0.5 to determine the current. The multimeters have a resolution of 6 % digits and an uncertainty < 1 mV under
operational circumstances.

« A load that is capacitive and has a capacitance of 10 mF.

« An additional standard pyranometer obtains irradiance with < 2% inaccuracy.

o A datalogger (6 % digits and uncertainty = +0.04% on an annual basis) that operates at up to 300 V and 1 A functions
as a trigger to synchronise the multimeters.

It is noteworthy that the energy output of any PV module undergoing test may be measured by any of the Jaén methods
with an error of less than +1.3%.

III. MODULES UNDER TEST

According to the manufacturer’s datasheet, Tables I and II report the principal electrical characteristics of the PV generators
under test (Fig. 3). Such parameters were verified at the beginning of the campaign: their /-Vcurves were measured outdoor
and corrected to Standard-Test-Conditions (STC, with irradiance of 1000 W /m? and cell temperature of 25 °C) according
to the standards. In addition, the modules #4-#7 were subject to an ElectroLuminescence (EL) [15] analysis to detect defects
and mechanical cracks. According to these preliminary tests, the maximum power offset compared to the manufacturer data
were included in the measurement system’s uncertainty range, and defects or issues were not detected from the EL test.

TABLE I: Manufacturer parameters of PV module tested at University of Jaén.

ID #1 #2 #3
Prom 135 W 100 W 245 W
nsrc 13.5% 15.5% 14.9%

Voc 221V 216 V 375V

Ise 8.37 A 587 A 873 A

a 0.06%/°C 0.05%/°C 0.05%/°C
B -0.36%/°C -0.35%/°C -0.347%/°C
Power tolerance (-5%, +5%) 0, +5%) (-5%, +10%)
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Fig. 3: Devices under analysis.

TABLE II: Manufacturer parameters of PV modules tested at Politecnico di Torino.

ID #4 #5 #6 #7
Prom 310 370 280 285
nsTc 19% 21.4% 17.1% 17.1%
Voe 403V 428V 38.65 V 38.6 V
Ise 991 A 10.82 A 9.37 A 9.66 A
a  0.06%/°C  0.04%/°C  0.058%/°C  0.066%/°C
B -03%/°C  -0.24%/°C  -0.33%/°C -0.3%/°C
Power tolerance (0, +5W) 0, +3%) 0, +5W) 0, +5W)




IV. RESULTS

Two universities hosted the testing session of the modules under investigation in 2021: the Universidad de Jaén in Spain
and the Politecnico di Torino in Turin, Italy. The campaign ran from March to May. The generators under analysis were
tested in a wide range of weather conditions in terms of irradiance and module temperature with up to about 200 curves
acquired for the PV modules with the largest dataset.

Actually, the levels of irradiance ranged from 150 W/m? to 1100 W/m?2, as the modules’ temperature varied between
25 °C—T70 °C. Ad hoc filters permitted to select experimental data measured under stable environmental conditions in terms
of irradiance, modules’ temperature, and wind speed.

There are two stages in the approach used in this paper. In the first step, the equivalent circuit’s parameters were numerically
determined for each experimental /-Vcurve by integrating the Simulated-Annealing and Nelder Mead algorithms and solving
the following equation:
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The distributions of the I — V' curve’s Normalised Root Mean Square errors (VRMSE) and its variance at the maximum
power point (MPP) are shown in Fig. 4 [21]. The difference between the I — V' curve derived from measurements and from
the parameters is assessed by the NRMSE:
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where, for each i*" voltage value from experimental I-V curve, I;noq is the current from the curve evaluated using the
equivalent circuit’s parameters, while Ij .., is the corresponding current from measurements. The second quantity quantifies
the deviation between the maximum power of the curves from experimental data and from the model using the equivalent
circuit’s parameters. The best fitting occurs for the modules tested in Spain, in particular for modules #1 and #2 (blue
and orange points in the top left area of the figure), which exhibit the lowest values of NRMSE and error at the MPP.
Although PV modules #4 and #5 have high efficiency technology (Passivated Emitter and Rear Contact (PERC) and all-back
technology, respectively), the matching with the model is fine and comparable with the other modules under test. In addition,
the worst numerical extraction is for polycrystalline silicon modules, but their results are acceptable. Indeed, Fig. 4 confirms
the efficiency for the numerical extraction of equivalent circuit’s parameters since most of NRMSFEs were < 1.5% and
most of the errors at the M PP ranged between +1%.

The second step of the method consisted of optimizing the bold coefficients in blue for the following equations from
[7] according to nonlinear fitting. This operation aimed to determine optimized coefficients to evaluate the parameters as
functions of irradiance G and modules temperature 7¢:

G
Iph = Iph,ste - 1+ o (T. — Tes7rc)] - Goro 3)

with « being the thermal coefficient for Isc (1/K), T stc is 25°C, Gsrc is 1000W/m2, Ionste is the photogenerated
current at STC (Standard Test Conditions).

T. \°
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where Ey1. and Eggsrc are the energy gap of the semiconductor material evaluated at temperature 7; and at STC,
respectively; Iostc is the reverse saturation current at STC.
n=ng+ng -G+nr- T, 5)

The n dependence on weather conditions is not unique in the literature. In this paper, a linear dependence on G and T,
is assumed with coefficients ng, ng and nt. This is confirmed by the results of the analysis.
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where R;stc is the STC series resistance, and kg is a coefficient taking into account the irradiance effect on R;.

Ry =R, s7C -

G
Ry, = Rsp,sTC - ZTC @)

where Ry, stc is the shunt resistance at STC.
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Fig. 4: Distribution of NRMSE for the I — V curve and of the error at the MPP.

Fig. 5 presents the results of equivalent circuit’s parameters estimation for each PV module under test as each subfigure
contains the optimized equations (curves) and the equivalent circuit’s parameters from measurements (dots) for a specific
parameter. The figures confirm the quality of the results, in particular regarding the parameters [y and R as they are the
most difficult to identify numerically since they might be affected by the overfitting problem (i.e., multiple sets of equivalent
circuit’s parameters permit to determine the same /-V curve, with possible unrealistic parameters). The optimal coefficients
are reported in Table III. With respect to the reverse saturation current, the optimised parameter Iystc, with a value in the
range ~ 1072 — 10~® A, is similar across all the modules that are being tested. In addition, the ranges for I are similar
among the generators except for PV module #3, which exhibits slightly higher I; values than the others (about two orders
of magnitude).

The extracted n values range from 1 to 2, except for PV module #7, for which n is almost constant and equal to 0.58.
This might be due to its PV cells connection inside the module, which is different from the others because it has half cells to
reduce their mismatch losses. Moreover, such a parameter is almost constant in the irradiance and temperature ranges except
for modules #2 and #5 since it increases with higher irradiance and temperature.

Finally, the figure with the shunt resistance Ry, dependence on irradiance is omitted. In many reserach papers, such
a quantity tends to be unrealistic, and, as a consequence, many works use equivalent circuits with four parameters only,
excluding Rg,. This choice is justified by its impact on the /-V formula, which is negligible [22]. The value of Ry, might
become important in case of shading since the slope of the I-Vcurve in the neighborhood of the short circuit, which is linked
to the shunt resistance, might change. In this study, Ry, is assumed to be constant in the situation of scattered values (marked
with * symbol in Table III) and equal to its average value.

The NRM SE's of power estimation with respect to experimental data are reported for each module in Fig. 6. For all the
modules under test, the optimised equations (blue bars) perform better than the Osterwald Model (purple bars), providing
significantly reduced differences from the experiments, with an improvement in the range between 5% and 48% (Spain) and
in the range 5% - 37% (Italy). These results confirm the effectiveness of the methodology, which can lead to noticeable
improvements for case studies in countries of the Mediterranean area.

V. CONCLUSIONS

In literature, most of models analytically assess PV performance with an Irradiance-Proportionality (I-P) law. This paper
applied a technique for evaluating the PV power by determining their equivalent circuit’s parameters in any weather condition
with higher accuracy than I-P models. The methodology was based on the single diode model and was applied to 7 PV
modules with different technology, rated power (up to 370 W), and efficiency up to ~ 21%. Such generators were tested in
two experimental campaigns with a wide range of irradiance and modules’ temperature acquired: one in Italy and the other in
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Fiﬁ' 5: Parameters of the equivalent circuit as functions of G and 7T,
TABLE III: Main optimized parameters for the PV generators (* Ry, = const)

Module ID #1 #2 #3  #4 #5 #6 #
Tiestc(A) 864 574 855 1008 1047 911 9.42
Tystc(A)(107%) 890 152 208 110 417 197 4.08
ng 0.80 058 1.14 130 248 149 058
ng(m?/W)(10~°) 257 182 542 423 737 113 -
ny(1/°C)(10~4) 203 122 374 -6.10 462 -139 -
Rsstc(Q) 0.19 036 030 030 00037 022 0.16
kRs 0.15 0.12 004 -049 17.19 0.07 029
Ranstc() 179.3 5090* 1000* 1000% 112.1 1032% 348%

Spain in 2021, March - May. In this research, optimized equations were identified outlining how each parameter is affected
by the weather to predict PV power under variable weather conditions. The results demonstrated that the optimized equations
improved the accuracy of power estimations with respect to Osterwald model for the modules tested in both locations,
with an improvement in the range 5% - 48% (Spain) and 5% - 37% (Italy). In the future, the work will be improved by
applying the technique in the PV energy estimation with days or months of measurements, and will be integrated in in-filed
applications: actually, the inverters will integrate optimized equations estimating reference equivalent circuit’s parameters
of healthy modules for variable operating conditions, and these values will be compared with experimental parameters to
identify faults or failures.
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