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Abstract

Analysis of measured current—voltage curves offers a cost-effective option for online condition monitoring of photovoltaic
(PV) modules. The current—voltage curves of PV modules can be modeled accurately using the well-known electrical single-
diode model. In practical applications, condition monitoring should be based on measurements performed near the maximum
power point (MPP) by affecting PV power production negligibly. The series resistance is the most important single-diode
model parameter in assessing the condition of PV modules; this paper proposes a novel method for its determination by using
measurements acquired near the MPP only. The proposed method can be used with any series resistance identification procedure
based on current—voltage curve measurements. The proposed method is experimentally validated using current—voltage curves of
two PV modules measured in Malaga, Spain. This study allows to assess that the series resistance can be accurately determined
from measurements performed near the MPP. Especially the results obtained with an ISOFOTON ISF-145 PV module are very
promising: the scaled series resistances obtained from measurements done without lowering the PV power more than 2% of the
maximum power differ on the average by no more than 2% of the series resistances obtained from the whole current-voltage
curves.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of International Association for Mathematics and Computers in
Simulation (IMACS). This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Condition monitoring of photovoltaic (PV) systems is vital to notice degradation, malfunctions, and contamina-
tion of PV modules and thus to maximize power production of the systems. The main drawback of currently used
condition monitoring systems of PV modules and generators is that they are complex, expensive, and labor-intensive.
For these reasons, uninterrupted condition monitoring of PV power plants is rarely applied in practice. Condition
monitoring, for example by thermal cameras on board drones, is typically carried out at regular intervals. Utilization
of measured current—voltage (I-V) curves provides a cost-effective solution for online condition monitoring of PV
modules avoiding use of costly radiometric sensors [9] and thermal cameras [11] used in conventional monitoring
methods. The -V curves of PV modules can be modeled accurately under different irradiance and temperature
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Table 1
Comparison between existing series resistance identification methods.
References I-V curve input Required additional measurements
[10] SC, OC, MPP T
[5] SC, OC, MPP G, T
[13,16,17] Entire or partial /-V curve -
[3,18,27] Entire or partial /-V curve T
[1,2,30] Entire or partial /-V curve G, T

conditions using the well-known electrical single-diode model (SDM). The SDM contains aging and condition
dependent parameters enabling condition monitoring based on parameter identification. The most important SDM
parameter in assessing the condition of PV modules is series resistance. Increase of the series resistance reveals
aging and faults of the modules [15].

Parameter values for the electrical models are typically identified in standard test conditions (STC), in which
irradiance G (1000 W/m?) and temperature 7 (25 °C) are known. The parameter values are then converted to other
conditions based on their G and T behavior [4,29]. Thus, G and T measurements are required to identify parameter
values under field conditions. Indeed, almost all procedures presented for parameter identification require operating
condition measurements: measured temperature is required for the approaches presented in [3,10,18,27]; and
temperature and irradiance measurements are required for the approaches proposed in [1,2,5,30]. The need of G and
T measurements naturally restricts the use of identification procedures for on-site condition monitoring. Only a few
procedures have been proposed to identify parameters from /-V curves without additional measurements [13,16,17].
Some methods focus on identification of only the series resistance instead of identifying multiple parameters. An
overview of such methods is provided in [25]. An experimental validation of various explicit methods used to
identify the SDM parameters was presented in [22] with the main emphasis on identification of the series resistance
in presence of artificial degradation. Among the methods considered in [22], the one presented in [20] showed good
capability to estimate the series resistance.

Some parameter identification methods require measurements of the three key points of /-V curves, i.e., open-
circuit (OC), maximum power point (MPP), and short-circuit (SC), while some methods do not require OC and
SC measurements. Required inputs of existing parameter identification methods are compiled in Table 1. All the
listed methods include series resistance among the identified parameters. Measurement of the OC voltage and SC
current or of the entire /-V curves interrupts electrical energy production and causes production losses. Thus,
for practical applications, condition monitoring should be based on measurements performed near the MPP with
minimal disruption of PV power production. That kind of an online method capable of reliably identifying aging
and faults of the modules of a PV generator from simple electrical measurements with minimal interruption of
PV power production could totally revolutionize condition monitoring of PV power plants and substantially reduce
their operation and maintenance costs. Identification of series resistance from measurements performed near the
MPP has been discussed earlier in only a few articles. The parameter identification procedures proposed in [16,17]
were also validated with partial /-V curves containing only values measured near the MPP. In [12], selection of
the vicinity of the MPP for parameter identification was studied using the identification method proposed in [13].
The results shown in [12,17] indicate that the series resistance can be identified accurately from measurements
done in the vicinity of the MPP. A method to determine the faults based on computation of diagnostic indicators
from I-V curves was proposed in [26] and, among others, equivalent series resistance was calculated from /-V
curve slope near the MPP. However, further research is needed related to identification of the series resistance from
measurements performed near the MPP in order to reach practical applications.

In this paper, a novel method for the determination of the series resistance from measurements performed near the
MPP is proposed. The proposed method, which is experimentally validated using /-V curves of two PV modules
measured in Malaga, Spain, is used jointly with the SDM parameter identification procedure presented in [17].
Nonetheless, it can be used with any series resistance identification procedure based on -V curve measurements.
The rest of this paper is organized as follows. The SDM parameter identification procedure used in this study
is introduced in Section 2.1. Section 2.2 introduces the proposed series resistance determination method and
Section 2.3 describes the used measurement data. The proposed determination method is experimentally validated
in Section 3. Factors affecting the performance of the proposed method are discussed in Section 4. The conclusions
of the study are provided in Section 5.
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2. Methods and data

2.1. Identification procedure

PV modules were modeled with the SDM from which the basic implicit equation can be derived for the current
and voltage of the module as follows

V+Rsl V + RJ
I=Iph_1s<€ g —1)— + R
Rsh

where I, is the light-generated current, /; the dark saturation current, R, the series resistance, 1 the ideality factor,
V, the thermal voltage, and Ry, the shunt resistance of the PV module [19]. The thermal voltage can be written as
Vi = NgkT/q, where N is the number of series-connected cells in the PV module, k the Boltzmann constant, 7' the
PV cell temperature, and g the elementary charge.

In order to identify parameters G, T, R,, and Ry, from measured /-V curves using Eq. (1), the values of I, I,
and n must be known. The light-generated current I, was calculated as

G Rsh + Rs
Iph = ISC,STC —— |+ o; (T —Ts10) |, 2
Gstc Ry

where «; is the thermal coefficient of Isc [17]. The ideality factor n, which was kept at its STC value [7], was
calculated as

; 6]

Voc.stC
v — TstC
]7 = N (3)
v, ( a3 Eg,STC)
tSTC Iph,STC Tstc kTgrc?

where ay is the thermal coefficient of Voc and Eg st is the material energy bang gap at STC [8]. The saturation
current Iy was calculated as in [28]
3 —Eg(M)
Iy = CstcTe ", 4
where the energy bang gap Eg(T) is calculated according to what is discussed in [7]
Ey (T) = Egstc (1 + ag, (T — Tsto)) , &)

where oE, is the thermal coefficient of E,. A coefficient Csrc is calculated at STC by the approach presented in [17]

I h STCeVSTC
ph,
Cstc = ——5—, (6)

3
Tsrc™
where
Voc,stc  Egstc
nViste  nkTsrc’

The identification procedure is described in detail and its ability to identify the actual value of the series
resistance is verified experimentally in [17]. Thus, the identified series resistance values can be considered as
accurate approximations of the actual series resistance, which creates a valid basis for the experimental validation
of the proposed series resistance determination method in Section 3.

The fitting procedure needs initial guess values for the unknown parameters {G, T, R, R, }. For the first curve
of each dataset, STC values of the identified parameters are used as the initial guesses. The STC values of R;
and Ry, were calculated by the procedure presented in [19]. For that, n was calculated by Eq. (3), assuming that
I stc = Isc,stc, and I stc was calculated by Eq. (4) using the STC values of T, 5, and E,. For all other I-V
curves, the identified parameter set of the previous curve was used as the guess values. This requires that time
interval between two consecutive curve measurements is not too long.

(M

YsTC = —

2.2. Proposed series resistance determination method

It was observed in [17] that identified series resistance typically increases when the portion of the /-V curve
used for identification in the vicinity of the MPP decreases, i.e., the smaller is the portion of the curve around the
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Fig. 1. Example of a measured P-V curve of the I-53 module with two power limits. The power and voltage are with respect to the MPP
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Fig. 2. Unscaled and scaled series resistances identified from a measured /-V curve of the ISF-145 module as a function of the power limit
and curve fit to the unscaled values.

MPP used for the identification, the larger is the identified series resistance value. The method proposed in this

paper for determining series resistance is based on the idea that this increase can be mathematically modeled, and
the mathematical model could then be used to scale the series resistance values identified from the measurements
made near the MPP to correspond to the value of the whole curve.

The share of the /-V curve used for the identification can be described by the concept of power limit (PL). Only

the part of the curve with power higher than the PL is utilized for the identification. The PL is expressed with
respect to the MPP power of the curve. The concept of power limit is illustrated in Fig. 1 where a measured P-V
curve is presented with two PL values.

The series resistance identified from a measured /-V curve of the ISF-145 module is shown as a function of the
PL in Fig. 2. The PL was varied from 0% (whole curve) to 98% (only the part that is within 2% from the MPP
power). The second-degree polynomial curve fit to the identified series resistance values as a function of the power
limit in Fig. 2 follows the equation

R, = ¢;PL? + ¢,PL + ¢,

®)
where ci, ¢p, and c3 are fitting constants. As can be seen from Fig. 2, the fitted curve follows the identified series
resistance values very well, especially at PL values up to 84%. As expected, the identified series resistance varies
more at high PL values because only a small portion of the curve is used for the identification. To mitigate the

effects of such variation, Eq. (8) was fitted to the averages of series resistances as a function of PL, identified from
10 I-V curves measured over a short period of time under nearly constant operating conditions.
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Fig. 3. Flowchart of the proposed series resistance determination method.

The curve fit of Eq. (8) can be used to scale the series resistance values identified in the vicinity of the MPP
to correspond the values obtained using the whole curve. The following proportionality can be formed between
the series resistance values identified from partial curves (R ynscalea) and the values corresponding to the use of the
whole curve (R scaled)

Rs,unscaled _ CIPL2 + CZPL -+ Cc3

)
Rs,scaled 3
from which the scaled series resistance is solved as
Rs unscaledC3
Rs,scaled = (10)

¢PL? + &;PL + ¢3

The proposed series resistance determination method is illustrated in Fig. 3. First, the identification procedure
described in [17] is used to identify series resistance from 10 I-V curves, which serve as a training dataset, varying
PL from 0% to 98%. Then, Eq. (8) is fitted to the obtained average series resistance of the 10 curves as a function of
the PL to obtain values for the constants ¢y, ¢;, and c3. Finally, series resistance values identified from /-V curves
measured near the MPP are scaled using Eq. (10) and the obtained values of the fitting constants to correspond the
values identified using the whole curve.

The proposed method for determining the series resistance is further illustrated in Fig. 2. At PL values up to
84%, the scaled series resistance is close to the one obtained using the whole curve and begins to deviate only at
higher PL values. However, only the value corresponding to PL of 98% clearly differs from the trend. Even in this
case, the scaled series resistance (0.207 £2) is much closer to the value obtained with the whole curve (0.189 )
than the unscaled one (0.256 2).
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Table 2
Electrical parameter values of the studied PV modules.

Parameter ISOFOTON 1I-53 ISOFOTON ISF-145
Isc,stc (A) 2.56 8.55

Voc,stc (V) 20.5 224

Ivpp.sTC (A) 2.26 8.00

Vmpp,stc (V) 16.5 18.1

a; (A/K) 0.00102 0.00359

ay (V/IK) —0.061 —0.072

Ny 36 36
Table 3
SDM parameter values of the studied PV modules in STC.

Parameter ISOFOTON 1-53 ISOFOTON ISF-145
nstc () 0.88541 1.0041

Iph,stc (A) 2.56 8.55

IssTc (A) 3.4425e—11 2.8646e—10

R stc () 0.60181 0.18235

R stc (€2) 90.167 131.43

2.3. Experimental dataset

The proposed series resistance determination method is validated using /-V curve measurements of two PV
modules measured at the University of Malaga, Spain. The used data consist of 90 /-V curves of an ISOFOTON
I-53 module measured on 29 July 2017 and 150 curves of an ISOFOTON ISF-145 module measured on 14 July
2014. Time intervals between consecutive measurements were from 6 to 7 s and from 9 to 10 s, for the I-53
and ISF-145 modules, respectively. Irradiances incident on the modules were measured by Kipp & Zonen CMP21
pyranometers and PV module temperatures were measured by Pt100 temperature sensors. The measurement system
is described in detail in [21].

The electrical parameter values of the studied PV modules are listed in Table 2. For the ISF-145 module, datasheet
values provided by the manufacturer were used. However, the values provided by the manufacturer for the I-53
module, which has been working for 21 years (by 2017), are no longer close to the actual ones. Thus, the values
determined in [23] were used instead of the datasheet values. The studied modules are made of monocrystalline
silicon PV cells. The calculated SDM parameter values in STC for the studied PV modules are presented in Table 3.

Both PV module datasets contain a period of 10 consecutive /-V curves measured under steady-state conditions,
which are used for fitting Eq. (8) to obtain values for the constants ¢y, ¢, and c3. The rest of the measurement
periods are used to test the performance of the proposed method. The fitted constant values of Eq. (8) obtained for
the 10 curve periods are then used to scale the series resistances identified from the partial /-V curves measured
during the rest of the measurement periods to correspond the values of the whole curve.

Measured operating irradiances and back-sheet temperatures during the 10 curve periods are presented in Figs. 4
and 5, respectively. The irradiances received by the I-53 and ISF-145 modules were nearly constant at 990 and
845 W/m?, respectively, while the temperatures increased gradually. Figs. 4 and 5 show also irradiance and
temperature values identified by the fitting procedure using the whole -V curves. For both modules, the identified
irradiance is a bit higher than the measured one. The identified cell temperature of the I-53 module is a bit lower
than the measured back-sheet temperature while the identified cell temperature of the ISF-145 module is higher
than the measured back-sheet temperature. Behavior of the identified irradiance and temperature values is in accord
with the results of [17].

The performance of the proposed method is tested using 80 measured -V curves of the I-53 module and 140
curves of the ISF-145 module. Figs. 6 and 7 show the measured and identified operating irradiances and temperatures
during these periods for the I-53 and ISF-145 modules, respectively. The irradiance received by the 1-53 module
was nearly constant around the same values as in Fig. 4. The measured temperature increased from 17 to 44 °C
during the period. For the ISF-145 module, both the measured irradiance and the measured temperature increased
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Fig. 4. Measured and identified irradiances of the I-53 and ISF-145 modules during the measurement periods of 10 /-V curves.
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back-sheet temperatures and identified cell temperatures of the I-53 and ISF-145 modules during the measurement periods
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Fig. 6. Measured and identified irradiance and temperature for the set of 80 I-53 module /-V curves.

during the period of 20 minutes: the irradiance increased from 845 to around 900 W/m? and the temperature from

33 to 49 °C.
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Fig. 7. Measured and identified irradiance and temperature for the set of 140 ISF-145 module /-V curves.
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Fig. 8. Average identified series resistance for the 10 I-53 module /-V curves as a function of the power limit and the fitted curve of
Eq. (8) to the values.

Table 4
Fitted constant values of the proposed polynomial function of Eq. (8) for the studied
PV modules.

Fitting constant ISOFOTON 1-53 ISOFOTON ISF-145
c1 () 0.3331 0.01766

2 () 0.02509 0.02448

c3 (Q) 0.6804 0.1895

3. Experimental validation

3.1. Fitting constants

Eq. (8) was fitted to the average series resistance as a function of PL of 10 measured /-V curves to obtain values
for the constants ¢y, ¢, and c¢3 for both PV modules. The identified average series resistances and the curve fits are
presented in Figs. 8 and 9 for the I-53 and ISF-145 modules, respectively. The fitted curves nicely represent the

behavior of the average series resistance as a function of the PL, especially for the ISF-145 module. The values for
fitting constants ¢y, ¢, and c3 are compiled in Table 4.
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Fig. 10. Unscaled (a) and scaled (b) series resistances identified from the partial /-V curves with different power limits for the 80 -V
curves of the I-53 module. The black curve represents the series resistance identified using entire /-V curves. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Estimated series resistances

The series resistance values obtained with partial /-V curves were scaled by Eq. (10) using the values obtained
for constants ¢y, ¢;, and c3 in Section 3.1 (Table 4). The unscaled and scaled series resistance values identified from
partial curves cut using power limits of 50%, 80%, 90%, and 95% are presented in Fig. 10 for the 80 I-V curves
of the I-53 module. As expected, the unscaled series resistances identified from the partial curves were higher than
the values obtained from the whole curves. Moreover, variation in the identified unscaled values increased with
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Table 5

Average relative differences (%) of the unscaled and
scaled series resistance values identified from partial -V
curves from the values obtained from entire curves for
the 80 measured I-53 module curves.

Power limit (%) Unscaled Scaled
50 15.74 145
60 20.13 0.25
70 24.69 —1.48
80 31.89 —1.78
90 32.62 —7.24
95 27.26 —13.83
98 23.84 —17.79

the increasing PL. The unscaled series resistance identified with the 50% PL was nearly constant, but about 15%
higher than the one obtained from the whole curves. The scaled values were much closer to the values obtained
from the whole curves than the unscaled ones. Especially, the scaled series resistance identified with the 50% PL
almost overlaps with the curve representing the series resistance identified using the entire /-V curves. Moreover,
the scaled values varied less than the unscaled values.

The average relative differences between the series resistances identified from the partial curves corresponding to
different PL values and the values obtained from the entire curves are compiled in Table 5 for the 80 /-V curves of
the 1-53 module. As already observed in Fig. 10, the unscaled values clearly overestimated the series resistance with
respect to the values identified using the entire /-V curves. The average difference in the unscaled series resistance
was 16% with 50% PL and from 20% to 33% with higher PL values. The average differences in the scaled series
resistances were much smaller than in the unscaled ones illustrating the functionality of the proposed method. The
scaled series resistances obtained with 50% to 80% PL values were on the average within 2% of the values obtained
with the whole curves. The average difference in the scaled series resistance increased with increasing PL, being
18% when using measurements within only 2% of the maximum power, but was much smaller than in the unscaled
series resistance.

Fig. 11 shows the unscaled and scaled series resistance values identified from the partial /-V curves of the ISF-
145 module. Again, the unscaled series resistances identified from the partial curves were higher than the values
obtained from the whole curves and the difference as well as the variation of the identified values increased with
increasing PL. The scaled series resistances obtained with all the PL values were close to, but slightly smaller than,
the series resistances obtained from the whole curves.

The average relative differences between the series resistances identified from the partial /-V curves correspond-
ing to different PL values and the values obtained from the entire curves are presented in Table 6 for the 140 -V
curves of the ISF-145 module. The average difference in the unscaled series resistance increased from 8% to 20%
when the PL increased from 50% to 98%. The proposed series resistance determination method shows very high
accuracy for this dataset. The scaled series resistances up to the PL of 98%, i.e., using only the points within 2% of
the maximum power, were on the average within 2% of the series resistances obtained with the whole /-V curves.

4. Discussion

The proposed method is aimed assisting condition monitoring of PV modules from measurements performed
near the MPP. The proposed method is useful in condition monitoring since increased series resistance indicates
aging and faults of the modules [15]. The accuracy of the proposed method was illustrated by comparing the series
resistance values obtained from partial /-V curves by the proposed method to the values identified from entire
curves. The series resistance has been found to be dependent on the operating temperature [6,14] and irradiance [24].
In condition monitoring, the effects of operating conditions should be considered to distinguish them from the effects
of aging and faults. However, PV module irradiance and temperature measurements are rarely available in practical
PV sites. Thus, the proposed method should be used together with an identification procedure which identifies
the series resistance jointly with the operating irradiance and temperature. In practical applications, it would be
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Fig. 11. Unscaled (a) and scaled (b) series resistances identified from the partial /-V curves with different power limits for the 140 -V
curves of the ISF-145 module. The black curve represents the series resistance identified using entire /-V curves. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 6

Average relative differences (%) of the unscaled and
scaled series resistance values identified from partial /-V
curves from the values obtained from entire curves for
the 140 measured ISF-145 module curves.

Power limit (%) Unscaled Scaled
50 7.96 —0.77
60 9.88 —1.11
70 11.94 —1.47
80 14.86 —1.23
90 17.68 —1.26
95 18.59 —1.74
98 20.22 —1.14

advisable to convert the obtained series resistance values to STC, utilizing the identified irradiance and temperature
values, and to observe changes in the STC value of the series resistance.

Operating conditions during the measurement periods of 10 -V curves, which were used to obtain the values
for constants ¢y, ¢z, and c¢3 in Section 3.1, were not stable. While the irradiances were almost constant (Fig. 4)
the temperatures increased gradually (Fig. 5). The increase of temperature was a bit lower for the ISF-145 module
than for the I-53 module. Moreover, the temperature during the measurement period of 10 /-V curves was much
closer to the average temperature during the rest of the measurement period for the ISF-145 module (Fig. 7) than
for the I-53 module (Fig. 6). As mentioned earlier, the operating temperature affects the series resistance. Thus,
these temperature differences between the modules might be one reason why the accuracy of the proposed method
was better for the ISF-145 module than for the I-53 module.
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The irradiance and temperature values identified by the fitting procedure repeated the changes in the measured
values very well for the ISF-145 module, i.e., the measured and identified curves in Figs. 4, 5 and 7 are of similar
shape. For the I-53 module, the difference between the measured and identified values varied more between the I-V
curves. The difference between the measured and identified temperature values varied clearly during the period of
10 I-V curves (black curves in Fig. 5) and during the rest of the measurement period (blue curves in Fig. 6). There
was also some variation in the difference between the measured and identified irradiance values in Fig. 6. This
indicates that the identification procedure of [17] works better for the ISF-145 module than for the I-53 module.
Lower accuracy of the identification procedure in the case of the I-53 module could reduce the performance of the
proposed method for that module. Moreover, the I-53 module was quite old and degraded compared to the ISF-145
module, which could also reduce the performance of the proposed method in the case of the 1-53 module.

5. Conclusions

In this paper, a novel method to determine the series resistance of a PV module from /-V curves measured
near the MPP has been proposed. The identified series resistance typically increases when the portion of the I-V
curve that is used for the series resistance identification process becomes smaller and smaller around the MPP. The
proposed method is based on the idea that the increase of the series resistance with the decreasing portion of the
I-V curve considered is modeled mathematically, and the model is then used to scale the identified series resistance
values obtained near the MPP to the values corresponding to the whole curve.

The proposed method has been experimentally validated using /-V curves of two PV modules measured in
Malaga, Spain. First, a second-degree polynomial curve has been fitted to the average series resistance as a function
of decreasing share of the /-V curve in the vicinity of the MPP of 10 measured /-V curves. After that, the series
resistance values obtained with partial /-V curves have been scaled utilizing the obtained fitted polynomial function.
To demonstrate the functionality and accuracy of the proposed method, the series resistance has been identified from
partial /-V curves in the vicinity of the MPP having at least 50%, 60%, 70%, 80%, 90%, 95%, and 98% of the
MPP power.

The results show that the series resistance can be accurately determined from measurements performed near the
MPP. All the scaled series resistances for both PV modules and with all the considered power limits were much
closer to the values of the whole curves than the unscaled ones. The results obtained with an ISOFOTON ISF-145
PV module are particularly promising: the scaled series resistances obtained up to the power limit of 98%, i.e., using
only the measurements within 2% of the maximum power, were on the average within 2% of the series resistances
obtained using the whole curves. Application of the proposed method at a PV string level is an interesting topic
for continuing this study.
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