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measurements are rarely available in PV power plants. Thus, it is necessary to identify both operating

Keywords: conditions and model parameters directly from measured current-voltage curves. Only one such
Photovoltaic system method has been reported in literature, however, using approximate explicit equations. The present
Single-diode model work proposes a novel fitting procedure that identifies both single-diode model parameters and PV
[-U curves module temperature and irradiance utilizing an iterative method instead of approximate equations,

Curve fitting

which guarantees accurate results. The procedure enables degradation and aging analyses using onl
Condition monitoring g p g gmng \ g only

the internal electrical current-voltage curve measurements of the inverter. The results showed that
the identified irradiance and temperature accurately reproduced the measured ones in all outdoor
conditions. The stable identification of other single-diode model parameters, of which series resistance
is especially suitable for detecting aging, confirmed the functionality of the procedure for condition

monitoring.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction identify both the outdoor conditions and the single-diode model
parameters from the measured I-U curves.
For monitoring and diagnosis purposes of solar photovoltaic In literature, various solution approaches for solving the im-

(PV) systems, PV module measured current-voltage (I-U) curves  Plicit single-diode model equation have been introduced, of which
are valuable. Any such curve is characterized by a set of pa- different optimization methods have become popular. Optimiza-
rameters related to the PV cell single-diode model describing tion algorithms can be divided into deterministic numerical or an-
the operation of a PV cell or a larger PV unit. Values of these alytical curve fitting approaches and stochastic approaches (Chin

parameters change with degradation. Thus, changes in the model and S.alam, 2019). The stochas.tic category suffers from high com-=
parameter values can reveal faults, degradation, or aging. In par- putational complexity (Batzelis, 2019). In contrast, conventional

. . e . . deterministic curve fitting approaches provide solutions that are
ticular, the correct identification of series resistance parameter

. easier to implement in practice. Therefore, it is preferable to
plays a significant role. Unfortunately, the parameters cannot be

. . . . develop deterministic curve fitting methodologies for practical
measured directly, but must be identified by some mathematical applications. Chin and Salam (2019) stated that among the de-
procedure. The task is challenging for several reasons. Firstly,

) ) : oevERdl Tt terministic approaches, the numerical approach is more precise
the nonlinear single-diode model equation is implicit by nature.  ¢hap the analytical one. The iterative procedure by Villalva et al.
Secondly, all the parameters are also affected by the operating (2009) is a well-known example of a numerical approach. A
conditions of the PV module, but irradiance and temperature widely employed analytical method is the usage of Lambert W
sensors are rarely installed on PV sites. This renders the need to function (Accarino et al.,, 2013), providing an explicit solution for
the single-diode model equation. For instance, the identification
T procedure in Lappalainen et al. (2020) exploits the Lambert W
Corresponding author. function. Although the explicit methods exhibit a lower compu-
E-mail addresses: heidi.kalliojarvi-viljakainen@tuni.fi . ' . A i F
(H. Kalliojarvi-Viljakainen), kari.lappalainen@tuni.fi (K. Lappalainen), tational cost, the iterative ones usually guarantee higher fitting
seppo.valkealahti@tuni.fi (S. Valkealahti). accuracy. However, all curve fitting approaches are prone to

https://doi.org/10.1016/j.egyr.2022.03.141
2352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


https://doi.org/10.1016/j.egyr.2022.03.141
http://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2022.03.141&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:heidi.kalliojarvi-viljakainen@tuni.fi
mailto:kari.lappalainen@tuni.fi
mailto:seppo.valkealahti@tuni.fi
https://doi.org/10.1016/j.egyr.2022.03.141
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Kalliojdrvi-Viljakainen, K. Lappalainen and S. Valkealahti

complications if the number of the fitting parameters becomes
too large. The authors of Chin and Salam (2019), Humada et al.
(2020) emphasized that in such situations the optimization al-
gorithm loses its ability to provide accurate results. Indeed, the
single-diode model parameter extraction process is a non-convex
optimization problem with multiple local minima, each corre-
sponding to a different solution (Laudani et al., 2014). However,
the global optimum rendering the best solution can be attained by
applying a reduced-dimensional search to the single-diode model.
Such a technique was applied in Laudani et al. (2014), among
others.

As stated earlier, the identified single-diode model parameter
values are strongly affected by ambient conditions, namely the
irradiance G received by the PV module and the PV module
operating temperature T. Such dependencies have been investi-
gated in various papers, e.g., in Fébba et al. (2018), EI Achouby
et al. (2018), Anani and Ibrahim (2020). Normally, the parameters
are identified at Standard Test Conditions (STC) based on the
information provided in the manufacturer datasheet, whereafter
they are translated to the actual operating conditions for PV sys-
tem modeling and simulation purposes. More straightforwardly,
parameters can be identified from experimental [-U curves mea-
sured in actual operating conditions. However, both approaches
require the information on outdoor conditions, whence they can-
not be utilized in typical PV sites due to the absence of irradiance
and temperature measurements. To address the issue of the out-
door condition identification, da Costa et al. (2014) introduced
a method to deduce irradiance utilizing the three critical points
of the I-U curve, i.e., short-circuit (SC), maximum power point
(MPP) and open-circuit (OC). However, the used electrical model
does not utilize the conventional single-diode model, whence the
information of the single-diode parameters is lacking. In Carrasco
et al. (2017), the irradiance level was deduced from an analytical
model, but temperature measurement is yet required. In Abe
et al. (2020), irradiance and temperature were identified from
measured MPP quantities, without providing information of the
single-diode model parameters. In fact, the simultaneous identifi-
cation of single-diode model parameters and operating conditions
is rarely discussed. To overcome this problem, the procedure
developed in Lappalainen et al. (2020) combines the parame-
ter extraction with the simultaneous identification of operating
irradiance and temperature. However, the procedure presented
in Lappalainen et al. (2020), being the only one with such ca-
pabilities of simultaneous identification, relies on approximate
explicit equations. No studies have yet been published on the
simultaneous identification of single-diode model parameters and
outdoor conditions by conventional iterative methods.

The goal of curve fitting to the measured I-U curves is often to
monitor the condition of PV systems and, in particular, to detect
aging. Usually, aging or degradation manifests as increased series
resistance of PV modules (Sera et al., 2008; Bastidas-Rodriguez
et al., 2017). Therefore, accurate identification of the series resis-
tance parameter is most interesting. Several works in the litera-
ture have been devoted to the estimation of the series resistance.
Piliougine et al. (2021) analyzed several explicit models with the
aim to test their capability of detecting degradation. According
to the authors, the Lambert W function always underestimated
change in the series resistance, making the method unsuitable
for parameter identification for highly degraded PV modules.
Such findings further encourage to use iterative curve fitting
approaches in aging analyses, as has been done in the present
work. As stated earlier, the impact of ambient conditions on
the identified parameters needs to be distinguished from the
actual aging effects. According to Fébba et al. (2018), Ruschel
et al. (2021), there is no consensus on the dependence of the
series resistance on irradiance and temperature; series resistance,
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like all single-diode model parameters, depends on the ambient
conditions, but the relationship between the obtained series re-
sistance values and the ambient conditions depends on the used
identification method. However, Ruschel et al. (2021) experimen-
tally observed a negative dependence of the series resistance on
irradiance. Thus, the determination of the series resistance should
be performed at high irradiance conditions (Bastidas-Rodriguez
et al, 2017) to guarantee the best performance of the single-
diode model. This is also confirmed by the results of Lappalainen
et al. (2020). Piliougine et al. (2020) investigated the temperature
sensitivity of the series resistance in degraded mono-crystalline
silicon PV modules. Outdoor measurements were utilized to trace
the STC value of the series resistance, and the results showed a
slight positive temperature dependence of the series resistance.
To eliminate the effect of ambient conditions on the identified
parameters and thus to obtain comparable values, the natural ap-
proach is to convert the obtained values to reference conditions,
such as STC, via translation formulae presented in the literature.
However, in most studies, the parameters are translated from STC
to actual operating conditions, i.e. vice versa. Such is the situation
e.g. in Di Piazza et al. (2017), where different translation methods
for parameters obtained via explicit identification formulae were
analyzed. In this case, however, any inaccuracies in the used
explicit formulae are reflected in the translated parameter values.
This further emphasizes the need to use iterative approaches in
parameter identification, especially when calculating their STC
values.

As a complementary addition to the previous research work,
the present work introduces a novel procedure for obtaining the
single-diode model parameters jointly with the operating condi-
tions of a PV module via iterative curve fitting from experimental
I-U curve measurement data. The fitting procedure utilizes fit.m
function via the Levenberg-Marquardt algorithm in Matlab with
a reduced set of parameters to guarantee a fast convergence to
the solution. As far as we know, only one fitting procedure has
been presented earlier (Lappalainen et al., 2020) for obtaining
corresponding set of parameter values. The main differences be-
tween the procedures are: (1) (Lappalainen et al., 2020) relies
on approximate explicit equations while the proposed procedure
utilizes an accurate iterative curve fitting method; (2) a different
set of equations is used within the fitting procedure; and (3) the
set of fitting parameters is different.

The performance of the proposed fitting procedure is con-
firmed by 3600 measured I-U curves of a PV module. The pro-
cedure is shown to provide the operating condition values of
irradiance and module temperature in good agreement with the
measured values. It also provides the single-diode model param-
eters values translated to STC consistently with low dispersion,
especially the series resistance value commonly used to detect
aging. The fitting procedure is applied in this work to the whole
measured I-U curve, but it does not necessarily require the entire
curve. Therefore, it can be considered as a promising approach
for online analysis. The remainder of the paper is organized as
follows. A description of the empirical data and the proposed
novel fitting procedure is presented in Section 2, the results are
presented and discussed in Section 3, and finally Section 4 closes
the paper.

2. Methods and data
2.1. Used measurement data

The measurement data used in this work has been gathered
from a single PV module of the solar PV power research plant

located on the rooftop of Tampere University, Tampere, Fin-
land (Torres Lobera et al., 2013). The PV research plant consists of
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Table 1

Electrical characteristics of the used PV module.
Parameter Value
IMppy STC 794 A
Uoc, stc 328V
Uwmpe, stc 229V
Rs, stc 0.768 Q2
Ry, stc 354 Q

1.10

N 54
Ky —0.124 V/K
K; 0.0047 A/K

69 NAPS NP190GK PV modules fabricated with multi-crystalline
silicon. The SC current, OC voltage as well as the MPP current and
voltage at STC differ from their datasheet values, and thus the
datasheet values are not used in this study. The determination
of the correct values for the studied PV module is described in
the Appendix and the STC characteristics are reported in Table 1.
The STC values of the parasitic resistances were obtained via the
iterative procedure presented by Villalva et al. (2009). Ky and
K; are the temperature coefficients of the OC voltage and the SC
current, respectively.

The I-U curves were measured by an I-U curve tracer utilizing
IGBTs as an electronic load, with a sampling frequency of 1 Hz. Ev-
ery measured [-U curve consists of 4000 points, and the direction
of the measurement sweep was from OC to SC. A one-hour [-U
curve dataset measured on 25 August 2020 from 12:57 onwards
was selected for this study, with varying irradiance conditions.
The irradiance received by the PV module was measured by an
SPLite2 sensor, while the PV module backplate temperature was
measured by a Pt100 sensor. The resistance of the cables between
the PV module and the I-U curve tracer is 0.363  (Lappalainen
et al,, 2020).

To minimize the effects of measurement noise and other mea-
surement data anomalies, each measured [-U curve was pre-
processed before actual fitting. Indeed, due to the measurement
device properties, approximately 80% of the original 4000 mea-
surement points lie in the high-voltage region of the measured
I-U curve. Such a distribution strongly emphasizes the high-
voltage region in fitting, providing better fit in this region at the
expense of the fit quality in other regions of the I-U curve. The
usage of a data preprocessing procedure alleviates this problem.
The need and justification for preprocessing of measurement
data have been addressed in Kalliojarvi-Viljakainen et al. (2020).
Firstly, abnormal measurement points were eliminated from the
I-U curves using the preprocessing procedure described in detail
in Kalliojdrvi-Viljakainen et al. (2020). Thereafter, the measure-
ment points with redundant voltage values were replaced by a
single point by averaging the corresponding current values.

2.2. Used electrical model and I -U curve fitting procedure

PV modules are modeled by the single-diode model providing
the following equation (Petrone et al., 2017)

1 U + IR
Rn

where I, is the photogenerated current, I, the saturation current
and A the diode ideality factor of the module. Ry and Ry, are the
parasitic series and shunt resistances. Ur = NskgT/q is the ther-
mal voltage, where N; is the number of series-connected PV cells,
kg the Boltzmann constant, T the PV cell operating temperature
and q the electron charge.

For this work, an enhanced I-U curve fitting procedure has
been developed that takes the measured I-U curve and the STC

U+IRs

I=1In—1I, (e AU

(1)

)
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values of Table 1 as its only inputs. The single-diode model (1) is
fitted to the entire measured I-U curve. As a result, the developed
procedure produces the single-diode model parameters Iy, Io, Rs
and Ry as well as the PV module operating conditions G and T
without any preliminary information of outdoor conditions. The
fitting is performed by utilizing the fit.m function in Matlab. As
explained earlier, a fitting algorithm might get trapped to a local
optimum, i.e., converge to an incorrect solution, in presence of
an excessive number of parameters. To prevent this, the set of
identified fitting parameters is reduced to Iph, Rs, Ry and T. The
value of G is calculated after the actual fitting procedure and the
value of I, is calculated inside the fitting function called by fit.m
using the following equation derived from (1) in OC

Uoc

_ = %,

0™ Ugc (2)
eflr —1
The OC voltage in (2) is obtained as in Kratochvil et al. (2004) so
that the estimation accuracy is maintained even at low irradiance

levels

Uoc = Uoc, stc + Ky (T — Tstc) + AUr In (Gegr) , (3)
where the efficient irradiance G is calculated as

I
Geff = = (4)

Isc, stc + Ki(T — Tsrc)”

Isc is approximated to be equal to the photogenerated current
provided by the fitting.

The used fitting algorithm is the Levenberg-Marquardt al-
gorithm, which accepts no optimization bounds for the fitting
parameters. Therefore, accurate initial guesses are needed for
the parameters to enhance convergence to the global optimum.
Stornelli et al. (2019) have observed that the value of parameter
A of 1.10 is best suited for multi-crystalline silicon PV modules,
which is also used in this work. On one hand, keeping A constant
in fitting is justified by the fact that in several works (Villalva
et al,, 2009; De Soto et al., 2006) the ideality factor has been
considered to vary very little; on the other hand, the reduction
of the number of fitting parameters significantly improves the
convergence of the procedure towards the correct solution. The
initial guesses for the four fitting parameters {Iph, Rs, Ry and
T} vary from curve to curve. Firstly, the initial guess for I,y is
constructed for each individual I-U curve from the measured Iypp
by assuming that Isc is equal to I, and by using the relation Isc =
Ivpp/0.91. The experimental value of 0.91 for the ratio is obtained
from the STC values of the used PV module presented in Table 1
and is in line with the experimental results presented in Sera et al.
(2008). Hence, the procedure introduced in the present work also
enables the fitting method to be applied to partial I-U curves
measured in the vicinity of the MPP, since neither end of the I-U
curve needs to be measured to provide the initial guess. This was
a key goal in developing the fitting procedure. The initial guess
of I, also takes into account the rapid variations in irradiance
conditions that was not done in previous studies (Lappalainen
et al., 2020). Jointly with the I,y initial guess, initial guesses are
also needed for temperature and parasitic resistances. Towards
this end, the fit to the first measured I-U curve of the dataset
uses the STC values of the temperature and parasitic resistances
as the initial guesses, whereafter the fit to the following curves
uses the identified parameter values of the preceding I-U curve
as the initial guesses. Table 2 shows the initial guesses for the
first measured I-U curve.

After the actual fitting procedure, the formulae based on pa-
rameter conversion by Villalva et al. (2009) are utilized for irradi-
ance calculation. For this purpose, the SC current is first estimated
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Table 2
Initial guess values of the fitting parameters to fit the single-diode model to the
first measured I-U curve of the used dataset.

Parameter Value
Iph 7.60 A
Rs 0.768 Q
Rn 354 Q
T 298.15 K

(5)

The irradiance is then calculated utilizing the fitted temperature
value, SC current value obtained from (5), and the STC value of
the SC current as follows

- IscGstc
Isc, stc + Ki (T — Tstc)
Finally, the STC values for the parasitic resistances are provided

as in Villalva et al. (2009), De Soto et al. (2006), Schroder (1998)
by

(6)

Rs, stc = Rs (7)
and
G
Rh, stc = —Ry. (8)
Gstc

The latter choice has been made to improve the accuracy of the
fitting results (De Soto et al.,, 2006; Schroder, 1998).

3. Results and discussion

The developed electrical single-diode model fitting procedure
to the measured I-U curves returns the single-diode model pa-
rameter values as well as the irradiance and PV module tem-
perature values representing the operating conditions without
the need for any additional measurements. Of these, direct mea-
surements of irradiance and temperature are available and a
comparison is done for the one-hour measurement period in
Figs. 1-2. The irradiance calculated from the fitted curves follows
the measured irradiance in Fig. 1 very closely during stable high
or low irradiance conditions and even during sharp transitions.
The calculated irradiance curve lies slightly above the measured
curve, being in line with the results presented in Lappalainen
et al. (2020). The shift between the measured and calculated
irradiances is only of the order 10 W/m?2. The good accuracy of
irradiance obtained by the fitting method was made possible by
the correct estimation of the STC value of the SC current and the
accurate identification of Ip, used in (5).

Variation in irradiance conditions is clearly reflected in tem-
perature as shown in Fig. 2. The temperature is stable during
the first 2500 s of the measurement period with a stable high
irradiance, but the fitted temperature values lie below the mea-
sured. The difference is partly explained by the low ambient
temperature below 20 °C combined with the cooling effect of the
wind blowing toward the front surface of the PV module. It cools
the front surface, including the PV cells in the module. This causes
a temperature gradient between the PV cells and the backplate of
the module containing the temperature sensor. Just before 2600 s,
a sudden irradiance drop causes a gradual decrease in tempera-
ture. The slow decrease of temperature compared to the sudden
drop of irradiance is due to the thermal inertia of the PV module.
During the temperature drop, the fitted temperature follows the
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Fig. 1. Irradiance calculated from the measured one-hour [-U curves using the
iterative fitting procedure jointly with the measured irradiance.
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Fig. 2. Temperature calculated from the measured one-hour [-U curves using
the iterative fitting procedure jointly with the measured temperature.

changes in the measured temperature nicely approaching gradu-
ally the measured values with decreasing temperature. The high
irradiance peaks during the low irradiance period directly heat
the PV cells, which is clearly visible as an increase in the fitted
PV cell temperatures, but not so clearly in the measured temper-
ature. At 3400 s, the irradiance quickly returns to a high level.
At this point, the fitted temperature starts to rise earlier than
the measured temperature due to the direct impact of radiant
heating on the PV cells of the module. Heat conduction from the
PV cells to the backplate simply takes some time. It is remarkable
that the fitted temperatures consistently follow the measured
values also at low irradiance conditions. The reason for this is
that the fitted I-U curve accurately follows the experimental
measurement points at any irradiance level, especially at the OC
end of the measured I-U curve, which is particularly sensitive
to temperature. This capability of the developed mathematical
model to accurately produce the operating temperature of the
PV module under varying irradiance conditions is an obvious
advantage.

The series resistance calculated from the measured one-hour
I-U curves using the iterative fitting procedure is shown in Fig. 3
as a function of the measurement time. The developed fitting
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Fig. 3. Series resistance calculated from the measured one-hour [-U curves
using the iterative fitting procedure.

Table 3

Statistical values of the calculated series resistance from the measured one-hour
I-U curves using the iterative fitting procedure during the high irradiance period
comprising the first 2400 s of the measurements.

Statistic Value ()
Mean 0.7941
Median 0.7942
Standard deviation 0.0090
Interquartile range 0.0145

method produces a stable series resistance value of 0.794 © with
a standard deviation of about one percent at high irradiances
up to 2600 s. The statistical analysis of the calculated series
resistance for the first 2400 measured I-U curves (40-minute
measurement period) reported in Table 3 shows the options
offered by the fitting method for online condition monitoring
of PV modules, for example using PV inverters. Both the mean
and median of the series resistance are practically the same, sug-
gesting a symmetric distribution. Such a result is to be expected
as the operating conditions are almost invariant. The deviations
of the statistical variables are also small, which means that the
fitting procedure works consistently. By applying the developed
fitting method and performing further statistical analysis of the
results, very useful tools could be developed for online condition
monitoring of the PV modules. As can be seen in Fig. 3 the fitting
procedure no longer returns stable series resistance values during
the low irradiance period from about 2600 s to 3400 s. This agrees
with the known fact that the single-diode model does not operate
well at low irradiances.

The fitted series resistance as a function of the measured
irradiance over the one-hour measurement period is presented
in Fig. 4. The values corresponding to the periods of high ir-
radiance are all around 0.8 2 and significant deviations appear
only at low irradiances below 200 W/m?. In such conditions, the
fitted series resistance tends to increase in line with earlier stud-
ies (Lappalainen et al., 2020; Ruschel et al., 2021; Hosseini et al.,
2018; Singh et al., 2018). The magnitude and scatter of the series
resistance at medium irradiance levels is in line with the results
of Spagnuolo et al. (2019). When the irradiance reaches high
values again after the irradiance and the temperature drop, the
fitted series resistance is slightly lower than the values obtained
during the first 2400 s. Such a finding of a slight positive temper-
ature dependence is in agreement with Bastidas-Rodriguez et al.
(2017).
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Fig. 5. Shunt resistance calculated from the measured one-hour I-U curves
using the iterative fitting procedure.

The calculated shunt resistance during the one-hour measure-
ment period is presented in Fig. 5. The shunt resistance values
obtained at high irradiance conditions are a few hundred €2,
which is in line with the results obtained in Lappalainen et al.
(2020). However, variation of the fitted shunt resistance is higher
than in Lappalainen et al. (2020). When the irradiance is low
during the last third of the measurement period, the calculated
shunt resistance reaches significantly higher values, up to 1.5 k<.
These values are higher than in Lappalainen et al. (2020) because
the fitting algorithm utilized in this work operates without op-
timization bounds. The large variation in the calculated shunt
resistance values is in line with the well-known fact that the
single-diode model is rather insensitive to this parameter: even
a large change in the shunt resistance value has very little effect
on the I-U curve (Rashel et al., 2016).

The calculated photocurrent of the PV module as a function
of the measured irradiance during the one-hour measurement
period is shown in Fig. 6. As expected, the calculated photocur-
rent is almost directly proportional to the measured irradiance
confirming the excellent performance of the developed fitting
method at the short-circuit end of the I-U curves. The small
barely visible deviation of the fitted values from the main trend
of the linear curve in Fig. 6 is in part due to the slight temperature
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Fig. 6. Calculated photocurrent as a function of the measured irradiance during
the one-hour [-U curve measurement period.
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Fig. 7. Saturation current calculated from the measured one-hour I-U curves
using the iterative fitting procedure.

dependence of the photocurrent, as a wide temperature range of
20 °C (see Fig. 2) is covered during the measurement period.

The saturation current calculated by the fitting procedure dur-
ing the one-hour measurement period is presented in Fig. 7. It
clearly fluctuates with operating conditions, mainly with temper-
ature, being in line with the theory discussed in Petrone et al.
(2017).

The series resistance can be considered independent of the
operational conditions of the PV modules (Villalva et al., 2009;
De Soto et al., 2006), i.e. the calculated values are directly com-
parable. On the contrary, the shunt resistance values must be
converted to comparable STC values using (8) and the calculated
irradiance values. The Ry, values converted to STC are shown in
Fig. 8. Conversion to STC reduces the scatter of the R, values
in general and at lower irradiance levels in particular, providing
more stable values than those originally obtained. However, the
calculated Ry, stc values still have relatively large scatter even
under stable operating conditions, which is too large for condition
monitoring purposes of PV modules.

4. Conclusions

This paper introduces a novel procedure for fitting an electrical
single-diode model to measured PV module I-U curves. For the
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Fig. 8. STC shunt resistance calculated from the measured one-hour I-U curves
using the iterative fitting procedure.

first time, the single-diode model fitting procedure provides PV
module operating irradiance and temperature in addition to the
single-diode model parameter values utilizing an iterative curve
fitting method instead of approximate equations, which guar-
antees accurate results. The proposed procedure requires only
the measured I-U curve and the STC characteristic properties of
the PV module as input data. There exists very little research
combining the identification of electrical model and outdoor con-
dition parameters directly from measured I-U curves. Typically,
deterministic numerical or analytical curve fitting methods and
stochastic approaches have been used, the latest of which suffers
from high computational complexity. Of the previous studies, the
analytical approach exploiting Lambert W function provides an
explicit solution for the single-diode model equation and is the
most advanced. In comparison, this work utilizes a more accurate
iterative I-U curves fitting method. The developed procedure
might also be suitable for online parameter identification, as it
does not require measurement of the entire I-U curve, only its
middle part. The performance of the procedure was confirmed by
3600 I-U curves of a PV module measured over one hour.

The calculated parameter values obtained by fitting the single-
diode model to the measured PV module I-U curves showed
good accuracy, especially at the high irradiance levels at which
the single-diode model is known to work best. The method was
able to identify the operating conditions of the PV module well
using only the measured [-U curves as input data. The identified
irradiance was very close to the measured value and the fitted
temperature followed the shape of the measured temperature
curve well. This demonstrates that the fitting procedure works
well at the open-circuit end of the I-U curve, which is sensitive
to temperature changes. As expected, the fitted photocurrent was
almost directly proportional to the measured irradiance confirm-
ing the excellent performance of the developed fitting method
at the short-circuit end of the I-U curve. The obtained series
resistance values showed good stability at high irradiance condi-
tions, indicating the potential to detect aging and deterioration
of PV modules. With a simple statistical analysis of the fitted
I-U curves, it was possible to determine the series resistance
with an accuracy of about one percent standard deviation. The
calculated shunt resistance values were in good agreement with
other studies, but had a large scatter as expected, since the
single-diode model is not very sensitive to this parameter.
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Appendix. Determination of the PV module electrical charac-
teristics at STC

Practical experiments have shown that the STC values {Isc, stc,
IMpp, STC» UOC, STC» UMPP, STC} of the NAPS NP190GK PV module used
for this work differ from the values provided in the module
datasheet and thus must be determined so that they can be
utilized in the proposed curve fitting procedure applied to the

9 T T T T T T
8 L N
7t i
26| -
29 '
= -
=
O3t 1
2 L .
1k ® Measured |
e Fitted
0 1 1 1 1 1

5 10 15 20 25 30 35
Voltage (V)

o

Fig. A.1. The fitted curve jointly with the measured eleventh I-U curve used to
determine the STC characteristics of the PV module.

Table A.1
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measurement data. For this purpose, among the measurements of
I-U curves performed for the NAPS NP190GK PV module, curves
measured under stable environmental conditions close to the STC
were searched. In total, 11 consecutive curves were accepted for
the analysis. These curves were measured on August 24, 2020, the
day before the measurement of the experimental data used in this
work. This guarantees that the obtained STC values are up-to-date
for this study.

The PV module operational conditions of the investigated 11
I-U curves belong to the irradiance range of 980-1000 W/m?
and temperature range of 24-25 °C. One should note that STC
irradiance and PV cell temperature seldom occur in Finland. Usu-
ally, such conditions occur only during the irradiance transient
following cloud shading, when the irradiance received by the
PV module is increased by the cloud enhancement phenomenon.
Therefore, the available operating conditions closest to STC were
selected.

The 11 I-U curves accepted to the further analysis were
treated as follows. First, the fitting procedure used in this pa-
per was applied to each curve by using the initial PV module
datasheet values as initial guesses for the fitted parameters. The
actual Isc and Ugc of the fitted curve were determined as the
y- and x-axis intercepts, and the Iypp, stc and Uwmpp, stc were
determined at the MPP of the fitted curve. Secondly, due to the
strong irradiance dependence of the current quantities, formulae

Gstc

Isc, stc = T’sc (A1)
and

Gstc
Ivipp, sTC = TIMPP (A2)

were employed to scale the determined currents with the mea-
sured irradiance to obtain the first estimates for the STC values
to be discovered. In contrast, the obtained OC and MPP voltage
values were left unscaled since the irradiance dependence of
these quantities at high irradiance levels is negligible, so these
values themselves served as the first STC estimates. Moreover, no
temperature scaling was performed for the four quantities since
the measured PV module backplate temperatures were very close
to the STC temperature. After obtaining these first estimates of
Isc, ste, Impp, stc, Uoc, ste and Uypp, stc for each of the 11 curves, the
values of each parameter were averaged to obtain new guesses
for the fitted parameters. The fitting procedure was then repeated
iteratively until the obtained STC values converged. The final STC
values for the electrical parameters are shown in Table A.1. As can
be seen, the variance of the obtained STC values of the 11 fitted
curves is very small and their averages can very well be used as
representative values for the PV module under study. In order to
demonstrate the accuracy of the fitting procedure utilizing the
determined STC characteristics, Fig. A.1 shows an example of the
final fitted I-U curve jointly with the original data for the last
eleventh I-U curve.

Ambient conditions and the determined electrical STC characteristics for the 11 measured [-U curves of the PV module.

Time G (W/m?) T (°0) Isc, stc (A) Inpe, stc (A) Uoc, stc (V) Uwmpp, stc (V)
10.04.37 984.4 24.56 8.721 7.949 32.80 23.03
10.04.38 984.9 24.56 8.719 7.946 32.79 22.99
10.04.39 984.8 24.56 8.713 7.938 32.79 2297
10.04.40 984.8 24.56 8.719 7.931 32.78 22.95
10.04.41 985.1 24.57 8.717 7.925 32.76 22.93
10.04.42 985.8 24.58 8.720 7.929 32.75 2291
10.04.43 988.2 24.59 8.722 7.930 32.74 22.89
10.04.44 990.4 24.60 8.707 7.947 32.72 22.84
10.04.45 992.3 2461 8.713 7.944 32.72 22.83
10.04.46 995.1 24.64 8.710 7.945 32.71 22.82
10.04.47 996.9 24.66 8.708 7.942 32.70 22.82
Average 988.4 24.59 8.715 7.939 32.75 2291
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