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ABSTRACT

Manufacturers of photovoltaic cells and modules usually provide temperature coefficients refer-
ring to the short—circuit current, the open—circuit voltage and the maximum power. Few studies
analyse the variation of the series resistance with respect to the cell or module temperature. In
this paper, this dependency is studied by suitably processing a set of current—voltage curves
acquired on several modules working under outdoor conditions. The curves are measured at an
increasing module temperature. The temperature coefficient of the series resistance is estimated
by using the single diode model and the double diode one. Some hundreds of current vs voltage
curves referring to degraded photovoltaic modules are used in this paper to analyse the effects
of the degradation on the series resistance and on the temperature coefficient thereof.

Keywords: curve correction factor, double diode model, photovoltaic degradation, series resis-
tance, single diode model, temperature coefficient.

0960-1481

This is the peer reviewed version of the following article:

M. Piliougine, G. Spagnuolo, M. Sidrach-de-Cardona. Series resistance temperature sensitivity in
degraded mono—crystalline silicon modules, Renewable Energy, Volume 162, 2020, Pages 677-684, ISSN

https://doi.org/10.1016/j.renene.2020.08.026

This article may be used for non-commercial purposes in accordance with Elsevier Terms and Con-
ditions for Use of Self-Archived Versions. This article may not be enhanced, enriched or otherwise
transformed into a derivative work, without express permission from Elsevier or by statutory rights
under applicable legislation. Copyright notices must not be removed, obscured or modified. The article
must be linked to Elsevier’s version of record on Elsevier Web Site and any embedding, framing or
otherwise making available the article or pages thereof by third parties from platforms, services and
websites other than Elsevier Web Site must be prohibited.

Funding source:

The authors would like to acknowledge the Ministerio de Ciencia, Innovaciény Universidades (Spain) [grant RT12018-
095097-B-I10] for the financial support without which this research work could not have been developed.

*Corresponding author

Email addresses: mpiliouginerocha@unisa.it (M. Piliougine); gspagnuolo@unisa.it (G. Spagnuolo); msidrach@uma.es (M.

Sidrach-de-Cardona)


https://doi.org/10.1016/j.renene.2020.08.026

Series resistance temperature sensitivity in degraded mono—crystalline silicon modules

1. Introduction

It is known that the electrical behaviour of a photovoltaic (PV) device is significantly affected by the PN junction
working temperature Hovel (1975). A change of the temperature T has an effect on the main electrical parameters: the
short—circuit current (Ig¢), the open—circuit voltage (V) and the maximum power (P,,,). Their partial derivatives
with respect T are the temperature coefficients a (A/°C), g (V/°C) and y (W/°C) respectively Cotfas et al. (2018).
These coefficients might be also expressed in relative terms, as a,, (1/°C), §, (1/°C) and y,, (1/°C), where each one has
been normalised by [ ;g’c VO22:°C and P2°C, that are the same electrical parameters evaluated at the standard temperature
T =25°C.

Although a fixed irradiance level G is considered, the relationship between T and each electrical parameter is
non-linear Arora and Hauser (1982); Fan (1986). Nevertheless, in the small temperature range of operation for a real
PV module, it is usual to assume that «, f and y are locally constant with respect T'. Therefore, in many studies, «,
p and y are the slopes of the regression lines that fit the points obtained when the measurements of each electrical
parameter are plotted versus the temperature values Osterwald et al. (1987); Emery et al. (1996); King et al. (1997);
Fanney et al. (2006).

In addition to these widely used temperature coefficients, it is possible to find in the literature other ones to express
the sensitivity with respect to the temperature of other parameters associated to a PV generator. For instance, the
lumped series resistance Rg (€2) is recognised to depend on the irradiance and on the temperature operating values
Arora et al. (1986). Few studies are available about this issue and on the way the degradation mechanisms affect the
Rg dependency on T'.

International Standard IEC 60891 (2009) describes several procedures to translate a current vs voltage (I-V) curve,
measured at a given G and T, to different operating conditions. In addition to « and g, some of these procedures also
require the series resistance Rg and the temperature coefficient k of the series resistance (€/°C), also known as the
curve correction factor.

Before analysing the effects on the series resistance Rg due to variations of the module temperature T, it is
necessary to define a procedure to estimate R. Indeed, in literature, a huge number of papers are dedicated to indirect
methods aimed at identifying the R, value through the module /-V curve.

In case the experimental measurements are performed indoors, few sources of uncertainty occur, because all the
external conditions are under control. Instead, outdoor measurements are more challenging but provide more realistic
and useful data to simulate a real PV power plant and to forecast its annual production.

According to the literature, the temperature affects the series resistance in a way that depends on cells technology,
even by showing conflicting results between different authors in the case of crystalline silicon technology. The main
objectives of this work are (i) the analysis of this influence for single—crystalline silicon modules, and (ii) the definition
of an experimental methodology to estimate the temperature coefficient x. The results presented in this paper are based
on outdoor measurements, which are more critical than those ones obtained through the adoption of a solar simulator,
which allows to settle irradiance and temperature values accurately, thus tightening the measurement uncertainty. The
paper also shows the results of a study concerning the suitability of the single diode model (SDM) or the double
diode model (DDM) for estimating Ry and to calculate k¥ by means of a linear regression with a high coefficient of
determination R?. In addition, as the experiments are performed outdoors on degraded PV modules, the effect of ageing
on Ry is discussed.

This paper is organised as follows: a literature review on Rg estimation methods and on the sensitivity of Rg
respect to T is given in Section 2. A description of the PV modules employed in the experimental measurements and
of the way the experimental data have been manipulated is given in Section 3. The experimental results are discussed
in Section 4 and the conclusions are summarised in Section 5.

2. State of the art

A recent and exhaustive list of techniques aimed at estimating the R value is available in Singh et al. (2018).

The limited computational resources available few decades ago forced the development of simple methods to
calculate Rg by using the voltage shift between two /-V curves Wolf and Rauschenbach (1963) (or even more Handy
(1967)) measured at the same T, with different G values. The same idea is used in International Standard IEC 60891
(2009), wherein an algorithm to estimate R g from a set of several /-V curves under the same T and different irradiance
values Gy, ..., G, is sketched. A review of this family of methods is available in Bissels et al. (2014).
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Further approaches remap a subset of samples from the (V', I') plane to an alternative space wherein the Rg value
is identified through the coefficients of a suitable regression curve. In Ortiz—Conde et al. (1995), Ry is identified by
means of a SDM—-based multivariate linear regression using the area under the /-V curve. The method proposed in
Norde (1979), and improved in Bohlin (1986); Lien et al. (1984); Gromov and Pugachevich (1994), determines Ry by
identifying the minimum value of a suitable function evaluated for each I-V point of a curve measured under darkness.

Other methods, e.g. Kennerud (1969) or Charles et al. (1985), which require only a few notable points of the I-V
curve (such as Igc, Voc, Praxs---)» adopt a simplified PV model in order to achieve a system of non-linear equations
allowing to identify the values of the model parameters by means of an iterative numerical procedure. In some cases,
e.g. Phang et al. (1984) and Toledo and Blanes (2014), the parametric identification is achieved through explicit
formulas assuming a few simplifications. This minimises the computational effort at the price of a lower accuracy.
A comprehensive survey of the explicit methods is provided in Batzelis (2019).

Recently, with the large availability of high performance computational platforms, a further approach, using SDM
or DDM, that is aimed at identifying the model parameters by means of a non-linear curve—fitting algorithm over the
full set of points of the I-V curve has been more widely used Di Piazza and Vitale (2013). The best set of parameters
values, including Rg, is searched within the feasible region, so that the mean square error between the simulated
and the experimental points is minimised Salam et al. (2010); Kang et al. (2018). This approach is computationally
demanding, also because a global minimisation algorithm is needed. Indeed, many authors propose the adoption of
heuristic optimisation algorithms based on evolutionary computation, e.g. Ishaque et al. (2011); Abido and Khalid
(2018); Yang et al. (2019).

The trust—region algorithm, falling in the curve—fitting category, for identifying the R, value, has been used in this
paper. The reason of this decision is in the need to study the R, dependency on temperature by achieving the highest
coefficients of determination. The computational burden has not been considered a major issue because the whole
workload has been processed offline in a high—end multi—core workstation. The fitting method ensures the requested
accuracy, by using all the measured /-V samples, without requiring any simplification of the model used.

As for the influence of the temperature over the R value, in Emery et al. (1996) a general definition of temperature
coefficient is given. It is referred to any parameter of the solar device that depends on the PN junction temperature. By
following the notation used in Cotfas et al. (2018), it is possible to define the absolute temperature coefficient of Rg
or its normalised temperature coefficient as follows (eq. 1):

ORg
K = TCa(RS) = ﬁ
TC (Rg) = — IRs .
K. = S = —
n n Rg OT IT=25°C

Some design parameters, e.g. the number of cells in series included in the PV module, scale the values of Rg and
k in the same way. The normalisation cancels those influences out, so that the values of k,, obtained for different cells
and modules of the same technology can be compared.

A few papers focused on the influence of the temperature on the series resistance are available in the literature.
According to Fébba et al. (2018), they achieve conclusions that are even conflicting. In Cotfas et al. (2018), for the
most widely used types of PV modules, some temperature coefficients are estimated, including the one related to the
series resistance. It is reported that, for all the technologies, the value of Rg decreases when T increases, so that k < 0
within the studied temperature range, i.e. between 25 and 87 °C. This conclusion agrees with the one given in Khan
et al. (2016).

Some conclusions that are in disagreement with the results mentioned above about x are drawn in other studies.
An early work by Arora et al. (1986) describes a high non-linear relationship between Rg and T if a full range of
temperature is taken into account, i.e. from —190 to 4230 °C. Thus, the sign of k changes several times in the given
T range. However, by limiting the range to the real terrestrial working temperatures for a PV module, the value of « is
positive and its variation is relatively small. This behaviour, that is clearly evident for a single—crystalline silicon (sc—Si)
cell, is different for a multi—crystalline silicon (mc—Si) one, which seems to present a more significant non—linearity
within this narrow range.

In Ding et al. (2005), a different approach to estimate Rg is used. Again a positive value of k on a range between
20 and 70 °C is obtained, although the behaviour of R¢ with respect T is not definitely linear.
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In Singh et al. (2008) the analysis of the behaviour of some parameters appearing in the SDM and in the DDM
with respect the temperature is proposed. The proposed way to estimate the series resistance by means of the measured
data is completely different from other approaches. Indeed, a R g value varying with the voltage V' throughout the /-V
curve is considered. The results state that Ry value, evaluated at the MPP, reduces when T increases: this conclusion
cannot be compared with results presented in previous papers, because the definition of Ry is here changed.

As for crystalline silicon, in Ghani et al. (2015) it is stated that the R ¢ value increases with increasing temperatures,
whereas the value of the shunt resistance Rg; decreases. Rg and Ry, are identified through a numerical procedure
based on the Lambert—W function.

Also in Bendaoud et al. (2019) a linear positive correlation between T and R g is documented, whereas the influence
on R, seems to be negative, at least in the range from 25 °C to 50 °C. More recently, in Yadir et al. (2020), this range
is widened from 20 °C to 80 °C: the linearity is lost, but the sign of the variation is kept for both the resistances.

In all the above papers the SDM is used. A high dispersion of the points around the fitting curve is evident, this
opening the door to the adoption of the DDM for improving the experimental /-V curve fitting as in Shinong et al.
(2020).

A general methodology for measuring the temperature coefficients @, f and y is proposed in the literature
International Standard IEC 60891 (2009); King et al. (1997). It consists in acquiring a batch of I-V curves from a
minimum temperature to a maximum one, thus spanning the interval of interest for 7'. In order to make the PV module
as cool as possible before the experiments, Makrides et al. (2009) propose to shade the module with a reflective cover
that allows air to pass, until the module is uncovered, letting then the temperature increase. During the module heating
up, I-V curves are measured repeatedly. Some phenomena add high uncertainty to the estimation of the temperature
coefficient of a commercial PV module Osterwald (2012). One of them is the non—uniformity of the temperature among
the cells of the module, mainly in crystalline silicon technologies. Moreover, as it has been pointed out by King et al.
(2004), a temperature sensor placed on the back surface of the module is not able to measure the actual cell temperature.

The effect of the different sources of inaccuracy can be smoothed out by following some recommendations, some
of them based on the International Standard IEC 60891 (2009) and the International Standard IEC 609041 (2006).
In this paper, some additional actions are proposed. The time needed to acquire the /-V curve samples has to be short
enough to avoid large variations of the irradiance during the measurement process. By measuring G before and after
the acquisition of each /-V curve, it is possible to eliminate from the database the curves acquired during a too large
irradiance variation, e.g. 5 W/m? in this study. In addition, the measurements should be done on perfect clear—sky days
and around the solar noon, because this helps to keep G as much constant as possible. For the analyses that follow,
only the I-V curves acquired at an irradiance level included in the range between 980 W/m? and 1020 W/m? have
been considered.

In order to have a further mean to set this irradiance level, the modules have been mounted on a two—axis solar
tracker, which has a manual pad to adjust the angle of incidence. In Malaga, Spain, where the measurements were
performed and having a latitude of 36.7°, in summer at the solar noon the irradiance level is usually higher than 1 000
W/m?. The manual tracker allows to adjust the module inclination by a few degrees so that they can work in the
desired range, i.e. between 980 W/m? and 1 020 W/m?. Once reached these values, the tracker position is kept constant
during the experiment. In order to have a fast response in the irradiance measurement, thermo—electric pyranometers
have been avoided and a reference calibrated cell of the same technology used for the modules under test has been
preferred. The International Standard IEC 60904—1 (2006) recommends to avoid days with wind speed greater than
2 m/s; because of the typical weather conditions in Mélaga, the wind speed has been tolerated up to 4 m/s. Finally,
although a commercial /-V tracer can be used, the curves have been acquired through a dedicated measurement system
involving high—resolution multimeters, so that a high measurement accuracy is ensured.

3. Experimental methodology

3.1. Characterisation of the PV modules

Some commercial sc—Si [-53 PV modules manufactured by Isofotén have been characterised outdoors on the roof
of our laboratory. The number of cells, all connected in series, is N, = 36 and the main electrical parameters at STC,
thus at G=1 000 W/m?2, T = 25 °C and solar spectral distribution AM1.5 International Standard IEC 60904-3 (2019),
are reported in Table 1 Isofoton I-53 (2003). The value of the series resistance R is not provided by any manufacturer.
An internal communication with Isofotén R&D Department provided the nominal value for Rg and and y,,.
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Ns ISC VOC Pmax IPmax VPmax Yn RS

A V) W) (A) (V) @10 (@)
36 327 216 53 3.05 174 0.0048 0.288

Table 1
Nominal electrical parameters at STC.

The modules that are the subjects of the experimental measurements shown in this paper have been working in a
real solar plant connected to the main grid since 1996, so that all these modules exhibit a degradation that is evident
even without using special instrumentation and cameras.

Initially, each PV module is stored inside a dark and air—conditioned room, and several minutes before the
experiment it is wrapped by a frozen thermal blanket to cool down its temperature as much as possible. The installation
on the solar tracker has been done as quickly as possible and by keeping the module covered. The thermal blanket is
removed just before starting the measurements. In this way, the experiment started with a low module temperature, i.e.
close to 23 °C, although the air temperature and the irradiance were high.

In order to characterise the PV modules, a number of laboratory instruments have been connected to a personal
computer that coordinates them, as it is explained in Piliougine et al. (2011). The measurement results are stored in a
database whose content is available through a web portal on internet Piliougine et al. (2018).

After about 70 I-V curves per PV module have been acquired in a wide range of temperatures, the following post—
processing procedure has been applied: (1) only those measurements acquired at an irradiance level G = 1000 + 20
W/m? have been considered; (2) as the irradiance is acquired before and after the sweep of the /-V curve, the
measurements for which both readings differ by more than 5 W/m? are removed; (3) if the wind speed is higher
than 4 m/s, that I-V curve is discarded; (4) the measurements taken just after removing the canvas should not be
considered because the readings of the temperature sensor are not real due to thermal inertia; all curves corresponding
to T < 28 °C have not been used.

Before estimating the Rg value corresponding to each selected /-V curve, the main electrical parameters, in
addition to the slopes at V' = 0.0 V and I = 0.0 A are computed. These values are used to estimate a guess solution
for the numerical fitting procedure. The interpolation procedures proposed by Emery (2016) are used to calculate the
electrical parameters mentioned above and the slopes in short—circuit and open—circuit from each /-V curve.

The power drop suffered by the modules during the exposure period (21 years under real outdoor conditions) can
be quantified by comparing P, at the beginning and at the end of the period, by considering the same irradiance G
and module temperature T levels. The values of P,,, of the curves in 1996 and 2017 have been corrected to STC by
using the well-known power temperature coefficient model (eq. 2) Marion (2008):

Gsrc/G
P = - P
max,STC 1+ Y- (T _ TSTC) max

@

3.2. Estimation of the series resistance

Two alternative approaches have been used to determine the series resistance Rg of each PV module from all the
points of the I-V curve. They are based on the SDM and on the DDM. The former one is shown in Fig. 1 and it is
mathematically formalised as in (eq. 3):

V + IRy
Rg),

V +IRg
1d=IS eXp m -1
N

In (eq. 3), I and V' are the output current and voltage respectively, I, is the photo—generated current, Rg the series
resistance and R, the shunt resistance. The current 1, flows trough the diode; I is the diode dark saturation current
and » is the ideality factor of the diode. The latter assumes values 1 < n < 2 for the mostly used crystalline silicon
cells. In addition, N, is the number of cells in series, k is the Boltzmann constant and ¢ is the elementary charge.
Therefore, this model requires the identification of the values of five parameters.

Instead, the DDM is depicted in Fig. 2 and is mathematically formalised as in (eq. 4):

I=1,—1,-
3
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fLe

Wd ‘e gy

1<n<2 —
O
Figure 1: Equivalent circuit of the SDM model.
I, I n R Ry,
(A) (A () (2)
Lower limit 1/12 1le-12 1 0 1
Upper limit 12 le-5 2 100 5e 4

Guess solution I 5e-6 15 |dV/dI|,, |dV/dI|,_,

Table 2
Search space and guess solution used to fit the SDM model.

Id1 Id2 +
IphTCD lSZ[ lSZ %RSh V

n1:1 n2:2

Figure 2: Equivalent circuit of the DDM model.

where the currents I; and 1, flow trough the diodes; I, and I are the dark saturation currents of the diodes; n; and
n, are the ideality factors of the diodes thereof. The simplest version of this model, which assumes that n; = 1 and
n, = 2, requires the identification of the remaining five parameters, this number being the same of the SDM.

The fitting of the experimental I-V curves is performed through the trust-region algorithm implemented in the
Optimisation Toolbox of Matlab Matlab Optimization Toolbox (2020). It requires to define, for each parameter to
estimate, a range of feasible values. For the SDM model the intervals proposed by Zaharatos et al. (2015) are used
and summarised, together with the guess solution, in Table 2. The convergence of the fitting algorithm when the DDM

“

model is used appears to be very sensitive to the intervals chosen for Rg and Rg,,. Therefore, the search space for these

parameters should be smaller than the one used for the SDM model. The search space and the guess solution to fit the

DDM model is settled as can be seen in Table 3 .
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Iph Isl Isz RS RSh
A (A (W Q) Q)
Lower limit 0.1 1le-12 1e9 0 50
Upper limit 4 le-5 1e-3 5 500

Guess solution Iy, 5e-6  be-4 |dV/dI|,, |dV/dI|,_,

Table 3
Search space and guess solution used to fit the DDM model.

#  serial PaxstC P ste AP AP/P,,stc Annual

number 1996 (W) 2017(W) (W) (%) (%)
1 946307 45.1 39.7 5.4 12.0 0.6
2 946425 48.6 37.9 10.7 22.1 1.1
3 946303 46.9 38.9 8.0 17.1 0.8
4 946418 49.7 37.7 12.0 24.2 1.2
5 946410 49.7 38.4 11.3 22.7 1.1
6 946430 49.9 39.7 10.2 20.4 1.0
7 946431 48.7 38.6 10.1 20.7 1.0
—  mean 48.4 38.7 199 0.9
- SD 1.8 0.8 4.1 0.2

Table 4
Degradation of the PV modules in terms of maximum power

The optional values used in the fir.m Matlab routine are: the maximum number of iterations maxIter=2 500, the
number of evaluations of the function maxFunEvals=10 000, the tolerance for the step tolX=1e -15 and the tolerance
for the function folFun=1e -15.

As for the outliers, these points are filtered out by taking into account the rmse obtained as a result of the previous
fitting procedure. The quality of the measurement system and the presence of noise have a significant effect. Those I-V
curves associated to an outlier show a rmse value that is significantly higher than the one corresponding to the other
curves. In this work, the median rmse of all the I-V curves of the same experiment is calculated, and then, those curves
whose individual rmse exceeds by more than 25% that median have not been considered for the analysis that follows.
It is worth noting that the mean rmse value cannot be used because is highly influenced by the outliers themselves.

4. Results and discussion

The comparison between the maximum power produced by the modules, in the same operating conditions, in 1996
and in 2017 has been performed by using (eq. 2) to translate both the values of P,,,, to the STC. Table 4 reveals that
the annual power degradation rate ranges between 0.6% and 1.2% with a mean value of 0.9 %. This result agrees with
a previous study on degradation of the PV modules of the same installation after 12 years of exposure Sanchez—Friera
et al. (2011).

The values of Rg and of the related temperature coefficient x are estimated by fitting all the measured -V curves
by using both the SDM and the DDM, to the aim of identifying the parameters appearing in them, including Rg. Once
plotted the Rg values vs. T, a linear regression is applied to obtain «, i.e. the slope of the regression line, and Rg grc,
that is the value of the equation at T = 25 °C. The DDM based /-V curve fittings are compared with the SDM ones.
In Fig. 3 the results obtained over the modules 1, 2 and 3 are shown. It is evident that a good value of the coefficient
of determination R? is achieved.

This procedure has been applied to 7 PV modules (Isofotén I-53), to estimate the temperature coefficient x and the
value of the series resistance R gpc at STC. This is possible because all the experimental curves have been measured
under irradiance values very close to 1000 W/m? and the regression line is evaluated at T = 25 °C to obtain R S.STC-

Table 5 summarises the results using the SDM and the DDM. The first row, in bold, shows the nominal value of
of Ry, that is assumed as the reference one for a new non—degraded PV module. The last two rows, also in bold, give
the mean values and the standard deviations for the seven modules The first two columns are used to identify each PV
module tested through their serial number.
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Figure 3: Estimation of x using SDM or DDM for the PV modules 1, 2 and 3.
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using SDM using DDM
#  serial K Rgsrc K, K Rgsrc K,
number | mQ/°C R? mQ  1/°C| mQ/°C R? mQ  1/°C
I-53 - 288 - - 288 -

1 946307 | +1.47 0.923 262 0.0056 | +1.09 0.961 345 0.0032
2 946425 | +1.46 0.924 286 0.0051 | +0.98 0.940 379 0.0026
3 946303 | +1.35 0.904 263 0.0051 | +0.99 0.925 357 0.0028
4 946418 | +1.47 0.795 286 0.0051 | +0.96 0.878 395 0.0024
5 946410 | +1.19 0.887 319 0.0037 | +0.89 0.908 393 0.0023
6 946430 | +1.74 0.819 278 0.0063 | +1.34 0.910 360 0.0037
7 946431 | +1.30 0.794 320 0.0041| +1.16 0.894 387 0.0030
— mean +1.43 288 0.0050 | +1.06 374 0.0028
— SD 0.17 24 0.0009 0.15 20 0.0005

Table 5
Estimations of k¥ and Rg using SDM and DDM

By using the SDM, the estimation of k ranges between +1.19 and +1.74 mQ/°C with a mean value of +1.43
mQ/°C. Instead, using the DDM, a narrower range for «, i.e. from +0.89 to +1.34 mQ/°C, with a mean value equal to
+1.06 mQ/°C, is obtained. Thus, a mean value that is significantly lower than the one estimated by the SDM results.
In addition, the values of the coefficient of determination R?> by DDM are slightly better than the obtained by SDM.
Therefore, the results obtained by using the DDM appear to be more reliable than those ones obtained by the SDM.

Unfortunately, the manufacturer did not provide any reference value of k. However, in Berthod et al. (2016) an
estimation of x,, = 0.3 %/°C, which means 0.003 1/°C, is given for crystalline silicon cells. This is in agreement with
the result shown above, which have been obtained by using the DDM. Indeed, by dividing each value of « that has been
obtained for each PV module by its own value of Rg g7, the consequent values k,, are very close to the one proposed
in Berthod et al. (2016). By looking at Table 5, it comes out that the ratio between the mean value of the temperature
coefficient, i.e. k = +1.06 mQ/°C, and the mean value of the series resistance at STC, i.e. R S.STC = 374 m&, is
k, = 0.0028 1/°C. The latter value can be compared with the one obtained by using the SDM, «,, = 0.0050 1/°C.
Unfortunately, due to the lack of k,, data at the beginning of the period of analysis, the effect of the modules degradation
on the «,, value cannot be analysed.

As for the series resistance Rg grc at STC, the SDM gives an estimated value ranging from a minimum of 262 m&
to a maximum of 320 mQ, with an average of 288 mQ. Instead, by using the DDM, higher values are estimated,
i.e. ranging from 345 mQ to 395 mQ with a mean equal to 374 mQ. By taking into account a reference value of
Rg = 288 mQ for a new module, the values estimated by the SDM are not consistent because, for some modules,
R g1 is significantly lower than the nominal one, despite of the 21 years operation of the PV module. Instead, all
the values obtained by using DDM are significantly higher than the nominal 288 mq, this confirming the modules
degradation.

Some further comments can be dedicated to the influence of the temperature on the dark saturation current value
identified by means of the DDM and of the SDM. In literature some non-linear relationships between T and I, (SDM)
or IS] (DDM), are given. As for the SDM, (eq. 5) can be used Wilcox et al. (2011):

E,(T) >

nkT /q ©)

I, =Cy-TO/M . exp <—
where C is a constant to fit, » is the diode ideality factor and E,(T') is the energy band gap (eV) of the semiconductor
material at a temperature T' (K) given by (eq. 6). In case of crystalline silicon cells Varshni (1967), the values
a=7.02le-4eV/K, b=1108 K and E,y = 1.1557 eV (as the energy band gap at 0 K) are involved in the following
relation:
aT?

T+5b

E(T) = Eg - (©6)
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Figure 4: Fitting of I and I, for module 1.

By plotting the I values obtained through the fitting of the SDM model with respect to the measured temperature,
the result shown in Figure 4(left) is obtained. The same experimental data have been also fitted by using (eq. 5), thus
obtaining a coefficient of determination R> = 0.950 (the diode ideality factor n has been set to 1.3, the mean value
among the identified values of this parameter for all the measured curves when they are fitted to the SDM).

Conversely, it is possible to use the values of I identified when the DDM model is used. In this case, the
relationship between IS] and T is given by (eq. 7) Eicker (2003):

Eg(T)) )

Isl =Co1 - T exp <_ kT /q

Figure 4 (right) shows the obtained plot when using the DDM model to identify the dark saturation current. Now
the plot reveals an almost perfect fitting with a value of R? very close to 1. This confirms the better performance of
the DDM model with respect to the SDM one for the dataset used in this paper.

5. Conclusions and further work

This work is aimed at addressing the determination of the temperature coefficient x and the series resistance R grc
evaluated at STC of PV modules, by using measurements achieved outdoors. The main advantage is that these values are
more reliable to forecast the output of a real photovoltaic plant than other estimations based on indoor measurements.

The described procedure has been applied successfully for determining the temperature coefficients of seven single—
crystalline silicon commercial modules of the same manufacturer and model. A set of practical recommendations,
which are aimed at reducing as much as possible the measurement uncertainties to achieve the highest values of the
coefficient of determination in the linear regressions, is also given. The series resistance is determined by means of a
numerical curve—fitting procedure, thus without using a simple but inaccurate method.

The results presented in the paper reveal that the adoption of the SDM as fitting model does not give Rg values
that are consistent with the fact that these modules have been working for more than 21 years. Instead, the DDM model
provides more reliable R values. Moreover, it is shown that the dependency of the dark saturation current I, from the
temperature 7' can be modelled with more precision when DDM is adopted.

Finally, some additional analysis has been done about the effects of the degradation mechanisms on the behaviour
of the PV modules. On the one hand, on average, the modules have experienced an annual power degradation rate
close to 0.9%. On the other hand, there has been a significant increase of the series resistance R, of the PV modules
in comparison to the nominal values.
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Further work can addressed to study the effects of the temperature on other parameters of the PV module, e.g. on
the shunt resistance and the diode ideality factor. The application of the proposed procedure to other technologies,
having a different behaviour with respect the temperature, would also be of great interest.
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