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Photovoltaic (PV) modules must be monitored and evaluated in real-time during
long-term operations to maintain a high performance, and series resistance is a
critical component of this process. However, existing series resistance extraction
methods may have either low accuracy or a very complex solution process.
Worth mentioning, the size of this series resistance depends on environmental
conditions, and the extraction results under different environments cannot be
mutually referenced and compared. In this study, an analytical method for series
resistance was derived, and a correction method for |-V curves that differs from
the IEC 60891 standard was proposed, based on the derivative of the 1-V
characteristic curve of PV modules. The proposed analytical method was
compared with three other methods for PV modules with three varied
materials, and the influence of the ideality factor on parameter accuracy was
also assessed. The obtained results showed that the proposed method can
achieve high accuracy through an analytical expression. In addition, the |-V
curves of a PV module operating for more than 6 years were corrected to fit the
expected environmental conditions via the proposed correction method. Upon
the calculated average value of the series resistance, the results indicated that the
PV module has slightly aged, which verifies the effectiveness of the
recommended method.

KEYWORDS

photovoltaic module, series resistance, parameter extraction, current-voltage curve,
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1 Introduction

Owing to the environmental pollution and the increased use of non-renewable nature
fossil energy, countries worldwide are accelerating the structural shift of traditional energy
to renewable energy (Haque et al., 2020; Malik et al., 2021). Recent regional conflicts have
led to the substitution of fossil fuels with renewable energy sources to improve national
energy security. In 2021, renewable energy accounted for 28.3% of global electricity (Ren21,
2022). The photovoltaics market has maintained its record-breaking growth streak, with
new capacity installations totaling 175 GW in 2021 (Ren2l, 2022). China installed
approximately 54.9 GW of photovoltaic (PV) capacity in 2021, ranking first globally for
nine consecutive years (National Energy Administration, 2022). The service life of PV
systems provided by PV module manufacturers is 20-25 years. However, with normal
operation and proper maintenance, a 30-year or longer life cycle of PV modules is
achievable (Branker et al., 2011). Owing to the cumulative global photovoltaics capacity
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approaching 1,000 GW, effective long-term maintenance and
monitoring of large-scale PV modules or arrays have become
urgent issues. Therefore, the health status of PV modules in
operation must be determined, and relevant faults should be
promptly eliminated to maximize the modules’ return on
investment and reduce their manufacturing costs (Livera et al,
2019). However, due to the fact that the working status of PV
systems depends on weather conditions such as temperature and
humidity, the status evaluation of PV modules is a challenging task
(Qaiyum et al., 2023).

In recent years, several scholars have extensively studied health
evaluations and fault diagnoses of PV modules and proposed several
important methods and theories (Garoudja et al,, 2017; Yi and
Etemadi, 2017; Zhu et al., 2018; Chen et al., 2019a; Chaibi et al., 2019;
Jufri et al., 2019; Li et al., 2019; Sun et al,, 2019; Lyu et al., 2020).
Series resistance is considered one of the most important electrical
parameters of PV modules, which represents the lumped equivalent
resistance of the connection resistance between a metallic electrode
and semiconductor, the internal resistance of semiconductor
material, and the bulk resistance of metallic interconnections
(Polverini et al, 2012). With the aging of PV modules, the
mechanical influence of daily thermal cycling in the outdoor
environment inevitably leads to a gradual increase in series
resistance (King et al., 2000). Other contributing factors include
the degradation of electric cables, the increase of contact resistance
at different connections, and solder corrosion or disconnection (Li
et al., 2019). Series resistance reduces the output voltage and power
of a PV module, representing the main cause of voltage decreases at
the maximum power point (MPP) (Ali et al,, 2020). Therefore,
measuring series resistance is effective in evaluating the performance
degradation of PV modules (Kalliojarvi-Viljakainen et al., 2022). As
a parameter closely related to the electrical behavior of PV modules,
the extraction of the series resistance value directly affects output
power predictions, performance monitoring, efficiency evaluation,
and MPP tracking of PV modules (Singh et al., 2018).

Several series resistance extraction methods have been
developed to date (Pysch et al,, 2007; Bissels et al., 2014; Singh
et al,, 2018). These methods can be used in different scenarios
depending on application requirements. A new and simpler
parameter extraction method has been proposed based on the
geometric properties of a single-diode PV model (Toledo and
Blanes, 2014). This approach is as effective as the general five-
point method, but simpler. The exact analytical expression of each
parameter of solar cells was previously derived using the Lambert-W
function (Jain and Kapoor, 2004). A novel approach for extracting
the electrical parameters of a single-diode equivalent circuit was also
proposed using only basic data from a datasheet (MPP voltage, MPP
current, open-circuit voltage, and short-circuit current) (Mares
et al,, 2015). A comparison of the measured and calculated I-V
curves revealed that the determination coefficient fell within the
range of 0.976-0.998. A new integration method has also been
proposed to extract the parameters of a single-diode equivalent
circuit with series resistance from the forward I-V characteristics
(Ortiz-Conde and Garcfa-Sanchez, 2018). The effectiveness of this
method has been verified using both simulated and measured data.
An analytical approach for the extraction of all model parameters for
the silicon solar cell was developed based on the variation in the
slopes of the current-voltage characteristics of solar PV cells in
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short-circuit (SC) and open-circuit (OC) conditions (Khan et al.,
2010). Two equations containing series and shunt resistance are
derived and solved using mathematical software to obtain the values
of the two resistances (Shinong et al., 2020). The trust-region
algorithm in the MATLAB optimization toolbox was used to
estimate the series resistance value (Piliougine et al., 2020). The
fitting algorithm utilizes all the measured I-V curve data, thus
achieving high data accuracy. Based on the initial value from an
analytical expression, a numerical method was used to optimize
series resistance according to the determination coefficient (Wang
et al., 2021). However, the output I-V characteristic curves of PV
modules strongly depend on environmental variables. Therefore,
series resistance values obtained using existing extraction methods
under different temperatures and solar irradiances will vary. This
makes the series resistances unable to be mutually referenced and
compared in different environmental conditions, thereby rendering
health evaluations of PV modules are challenging.

Measured I-V
information about the working state of PV modules; hence, these

characteristic curves contain valuable
curves are increasingly used for performance evaluations and fault
diagnoses of PV modules (Chen et al., 2019b; Li et al., 20215 Zhang
etal, 2022). Various hardware devices, such as microinverters, series
inverters, intelligent circuit breakers, and intelligent combiner
boxes, can independently measure the output I-V characteristic
curves of PV modules. After attaining an I-V characteristic curve for
a PV module, the corresponding derivative was acquired via simple
mathematical operations. An algorithm based on the derivative of
the I-V characteristic curve can also be implemented. Based on the
above-mentioned studies, we propose a new method to determine
the series resistance of PV modules as well as a correction method
for the I-V curve differing from that of IEC 60891. Using the
recommended correction method, the 1-V characteristic curves
under different operating conditions were corrected to a specified
operating condition, and the proposed analytical method was then
used to obtain the value of the series resistance. Therefore, compared
to existing methods, all series resistances obtained by the proposed
method are from the same operating conditions and can be directly
compared to evaluate the health of PV modules. At the same time,
the I-V characteristic curves of PV modules are one of the essential
elements that PV power plant monitoring systems must collect, so
the proposed method is easy to implement. Moreover, the
simulation and experimental validation have shown that the
proposed method has excellent parameter accuracy, thus it has
good application prospects.

In this paper, a background introduction to the single-diode
equivalent model of the PV module and the extraction of series
resistance are presented in Section 2. The proposed series resistance
extraction and I-V curve correction methods are detailed in Section
3. Then, simulation and testing results are provided and analyzed in
Section 4. Section 5 concludes this paper.

2 Background knowledge

PV cells generate photocurrent (I,) under sunlight. Owing to
their diode characteristics, PV cells also produce a dark current (I3)
that is opposite to the direction of I, When a load is applied, a
voltage (Viq) is generated between the contact electrodes of the PV
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FIGURE 1
Ideal equivalent model of a photovoltaic (PV) cell.
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FIGURE 2
Single-diode equivalent model of the PV cell.

cell and the corresponding current (Iiq) is generated. The ideal
equivalent model of a PV cell is shown in Figure 1.

Owing to the diode effect, the voltage at both ends of a single PV
cell is 0.5-0.7 V, which has no practical value (Wang et al.,, 2018).
Therefore, the PV module is composed of N PV cells in series, and
its ideal I-V characteristic expression is as shown in Eq. 1:

Vi
Iid:Iph—Io[exp<n?\”: >—1] (1)

where I, is the reverse saturation current of the diode, g is the

electron charge (1.6 x 107" C), n is the ideality factor used to correct
the Shockley equation, k is the Boltzmann constant (1.38 x 107 J/
K), and T is the PV module temperature in Kelvin.

Taking the derivative of Eqs 1, 2 can be obtained as follows:

dly _ qu qVid
m T aNkT eXp(nNskT 2)

In practice, the I-V characteristics of an actual PV cell usually
differ somewhat from the ideal characteristics. A small portion of the
energy generated by the PV cell is consumed within itself, and the
effect is equivalent to two types of parasitic resistances: series
resistance Ry and shunt resistance Rg,. Therefore, the single-diode
equivalent model of the PV cell was obtained based on the ideal
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equivalent circuit in Figure 1 as combined with the two types of
parasitic resistances; this model is shown in Figure 2 (Kim and
Choi, 2010):

As shown in Figure 2, the actual I-V characteristic equation of
the PV module is provided through Eq. 3:

V + IR,
I=1Iy- Io{exp[ankT (V+IRS)] - 1} e )
s sh

Taking the derivative of Eqs 3, 4 can be obtained as follows:

I
ﬂ _ nl?l,.kT eXP[nN‘jkT (V+ IRS)] + R_th 4)
av —Z\I,"j} exp [nTZkT (V+ IRS)] + RR—; +1

When the PV module is at the OC and SC, Eq. 4 can be
simplified and transformed. More specifically, Ry and Ry, can be
solved according to the derivatives of the I-V curves at the OC and
SC points, respectively, as shown in Eqs 5, 6 as follows:

1
R= g (5)
dVloc
1
Ry =~ (©)
avlse

The values obtained using Eqs 5, 6 are considered directly as the
initial values of R and Ry, in many studies (Dyk and Meyer, 2004;
Ma et al., 2014; Lim et al., 2015; Abbassi et al., 2018; Orioli, 2020; Li
etal, 2021; Wang et al,, 2021). The R, extraction method proposed
in this study is closely related to Eq. 5. The two methods are
compared and analyzed in Section 4.

The dependence of R, on the temperature and solar irradiance
has also been a research hotspot in recent years. As Ry is an internal
parameter of PV modules, analyses of this dependence have mostly
been conducted from an experimental perspective. However,
because R, is not a physical quantity that can be directly
measured, it must be obtained through indirect measurements
using algorithms and other physical quantities. After Ry was
extracted in a previous study according to the IEC
60891 normative standard, the results showed that for the c-Si,
CIS, and CdTe modules, the dependence of R, on temperature and
solar irradiance was not obvious; however, for a-Si modules, the
value of Ry decreased significantly with increasing temperature and
solar irradiance (Polverini et al., 2012). Nine analytical methods
were used to extract Ry, and using a-Si, HIT, and mc-Si technologies,
R, decreased with increasing temperature and solar irradiance
(Singh et al, 2018). However, when utilizing HIT and a-Si
technologies, the results of the different methods may fluctuate
substantially. A new method based on the combination of genetic
and simulated annealing algorithms was used to extract the
parameters (Bendaoud et al., 2019). For a monocrystalline PV
module, when the temperature changed from 25°C to 50°C, the
R, value showed an increase of 22%. For multiple polycrystalline Si
solar cells, the results obtained via careful experimentation showed
that Ry is affected by temperature and solar irradiance (Fébba et al.,
2018). However, with an increase in temperature, Ry decreases
exponentially, and with an increase in solar irradiance, R
increases linearly. Therefore, the conclusions of different studies
on the dependence of R on temperature and solar irradiance are
inconsistent or even contradictory. However, the value of R; is
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related to temperature and solar irradiance. Thus, before performing
a health evaluation of PV modules, the series resistance must be
corrected to a specified operating condition.

3 Proposed methodology
3.1 Proposed analytical method

The most common formula for calculating I, is given by Eq. 7, as
proposed by De Soto et al. (De Soto et al., 2006).

3
T 1(E
I o= I or| . -
T, T
where T, is the reference temperature (25°C) of a PV module, I, is
the value of I, under the reference PV module temperature, and E, is

Ey

T (7)

the bandgap energy of a material.

E, is not provided by PV module manufacturers, and its
solution is relatively complex. Based on I,,, the temperature
coefficients y; and gy of current and voltage are introduced to
characterize the dependence of I, on temperature, so Eq. 8 can be
obtained as follows (Villalva et al., 2009):

Iph,r + ,uI (T - Tr)

q(Voertpy (T-T) | 1
nNkT

I, =

- ®)

where I, and Vi, are the photocurrent and OC voltage under
standard test conditions (where solar irradiance S is 1000 W/m?, and
T is 25°C) provided by the manufacturer, respectively.

In Eq. 8, the value of g/k was approximately 11,594. The value of
n is generally between one and two, whereas that of T is generally
between 293.15K and 353.15K. The values of V,,, and Ny are
generally on an order of magnitude ranging from 10 to 100.
Therefore, the first term in the denominator on the right-hand
side of Eq. 8 is much larger than that of 1. Thus, Eq. 8 can be
simplified to Eq. 9 as follows:

Iph,r + ,u[ (T - Tr)

9
q (Voer+ity <T—Tr))] ©)
nNkT

I, =
oo

In substituting the reverse saturation current equation of Eq. 9
into Eq. 2 and Eq. 10 can be obtained through reorganizing the
variables as follows:

dly Q[Iph,r"'P‘I(T_Tr)] [ q

Ve aNAT g (Va0 1)|

(10)

When the PV module is at the SC point, V4 is zero, and Eq. 11
shows the following:

dly
-0 11)
dVialsc

In addition, Eq. 12 can be obtained from Figures 1, 2 as follows:

Via =V + 1R (12)

Therefore, Eq. 4 can be rewritten as Eq. 13:
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ql, . qVia . 1
_ale 1
aNAT P\ NkT ) T Ry

dI _
dv ql,R, qVia R;
+—+1
ANKT <nNSkT Ry,
dlq
__ dVig Ry
ST R (13)
R—%_ =
dVia Rg

For PV modules, Ry must be significantly smaller than Ry,.
Therefore, when the module is at the SC point, through combining
Egs 11, 13, Eq. 14 can be obtained as follows:

a1 - (14)

In Eq. 14, for the single-diode equivalent circuit of the PV
module, the derivative of the I-V curve at the SC point is related only
to Ry, Specifically, Ry, was solved using the derivative of the PV
module I-V curve at the SC point, and no substantial parameter
errors were produced.

For the polycrystalline silicon PV module Kyocera KC200GT,
Figure 3 shows the I-V characteristic curves and slopes of the SC
points under different T and S values. As shown in Figure 3, the
slopes of the SC points were almost parallel. This implies that the
derivatives of the I-V characteristic curve at the SC points are
independent of changes in T and S, which verifies the correctness of
Eq. 14. Therefore, for a given type of PV module, when T and §
changed, the I-V characteristic curves were almost parallel near the
SC points.

When the PV module is at the OC point, Viq is equal to the OC
voltage V,.. Furthermore, V,. can be determined using Eq. 15
(Shinong et al., 2020):

nNkT S

In —
S

Voc = Voc,r+.uv (T_Tr) + (15)

where S, is the reference solar irradiance, and its value is 1000 W/m?

By substituting the V. equation of Eq. 15 into Eq. 10, through

reorganization, Eq. 16 can be obtained as follows:
dl id | qS

dVidloC - nNKkTS, [IPh’r + 4 (T - T,)]

(16)

Subsequently, dI;4/dV,q in Eq. 13 is replaced with Eq. 16, and the
derivative of I to V at the OC is obtained as follows:
s
- s, [Tone + i (T =T0)] + 22 (17)
s
oc RS[—ankTS‘ (Iphe + (T =T)) + t] +1

dr
av

Ry, is much greater than 1; Eq. 17 can thus be simplified to:

ﬁ _ nqukSTS, [Iph,r +u (T - Tr)] 18)
dVioc s [Tone + i (T =T))] +1

If the first term in the denominator on the right side of Eq. 18 is
significantly larger than 1, Eq. 18 can be further simplified to Eq. 5.
However, in numerous cases, this assumption is not tenable;
therefore, R calculated using Eq. 5 produces significant errors.

By sorting and transforming Eq. 18, the R solution formula
proposed in this study can be obtained as follows:
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1 1

d S
Floc nN?kTS, [Iph’r + iy (T = Tr)]

R, = (19)

Comparing Eqs 19, 5, Eq. 19 has one more term than Eq. 5, and
the value of this term is closely related to the values of T and S.

3.2 Proposed |-V curve correction method

When the I-V characteristic curves are used to evaluate the
health status of PV modules, owing to the randomness of the field
environment, the measured I-V characteristic curves must be
corrected to the expected environmental conditions. The most
used temperature and solar irradiance correction procedure is the
IEC 60891 standard (IEC 60891, 2009). IEC 60891 contains three
procedures for correcting the measured I-V characteristic curves.
The first and second correction procedures must determine the
correction parameters through experiments in advance. The
correction
I-v

third correction procedure does not require

parameters but requires at least three measured
characteristic curves.

In Eq. 13, the expression of dI/dV does not contain S.
Meanwhile, here we supposed that I,, n, R,, and Ry, are
independent of S, which means that dI/dV does not change if S
changes. In addition, we considered that PV modules work under a
solar irradiance of 200-1,000 W/m? (Achouby et al., 2018), and
that the maximum interval of V4 is [Isc 200Rs» Voc,1000] (Isc200 is the
SC current when § is 200 W/m?, and V1000 is the OC voltage
when § is 1,000 W/m?). If S takes a different value, the
corresponding interval of Viq must be within [Ic200Rs, Voc,1000]-
If two I-V characteristic curves under S values of 200 and 1000 W/
m?’ are obtained in advance, the dI/dV value corresponding to the
interval [Isc 200Rs» Voc,1000] can be easily calculated. Subsequently, if
S takes other values, dI/dV can be determined according to the
interval correspondence of Viq4. Specifically, when S changes, the
I-V characteristic curve can be determined through translating dI/

dV. However, the right-hand expression in Eq. 13 contains T; if T
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FIGURE 4
|-V characteristic curve correction method based on the three

obtained characteristic curves.

changes, the corresponding dI/dV changes accordingly. Therefore,
when T changes, the corresponding I-V characteristic curve
cannot be obtained through translating dI/dV; the only way to
obtain it is through linear interpolation or extrapolation of the I-V
characteristic curves, similar to IEC 60891.

The I-V characteristic curve correction method proposed in this
study is illustrated in Figure 4. In Figure 4, (S, T1), (S2, T1), and (Ss,
T,) show the three I-V characteristic curves obtained in advance.
The optimal values for S; and S, were 200 and 1000 W/m?,
respectively. The linear interpolation of the I-V curve requires
three points on a straight line. Therefore, in the first step, the
value of S, should be determined according to (S;, T,) and the
corrected point (S,, T,), as shown in Eq. 20:
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Determine the expected environmental
condition (S,, 7,)

\j

Select 3 I-V characteristic curves
corresponding to (Ss, T,), (S, Ty) and (S, Th)

v

Calculate S4 using Eq. (20)

v

Obtain the I-V characteristic curve of (S,,
T1) by the recursive algorithm and di/dV

v

Obtain the I-V characteristic curve of (S,,
T,) using Egs. (22) and (23)

v

Calculate R, for the I-V characteristic curve
of (S,, Ta) using Eq. (19)

End

FIGURE 5
Flowchart of the proposed methodology.

_ (T, =Ta)Ss + (T2 = T1)S,
T,-T,

S, (20)

In the first step of the correction method, dI/dV corresponding
to the interval [Iiz00Rs Voci000] Was obtained from the I-V
characteristic curves of (S;, T7) and (S,, T;). For point (S, T7),
the interval [I 4Rs, Vocsal (Isesa and Vi oy are the SC current and
OC voltage, respectively, when S is equal to S,) of V4 must be within
[Lsc200Rs Voc1000]- We determined the dI/dV for (S4, T)) based on
the interval [IsRs; Vocsal. Iscsa Was calculated using Eq. 21
(Shinong et al., 2020).

S
Isc,s4 = S_4 [Iph,r + /41 (Tl - TI)] (21)

In the author’s previous work, by combining SC current and
difference equation, a recursive algorithm is used to get the I-V
characteristic curve of PV modules (Wang et al., 2021). Hence the
I-V characteristic curve of (S;, T;) can be acquired using the
recursive algorithm incorporating dI/dV.

In Step 2 of the correction method, the I-V characteristic curve
(Vo L) of (S, T,) can be obtained based on linear interpolation, as
shown in Eqs 22, 23 as follows:
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TABLE 1 Electrical parameters of the three photovoltaic (PV) modules under
standard test conditions (STC).

JAP6 60-250 ST40 SP70

No. of cells in series 60 36 36

MPP current (A) 835 241 425

MPP voltage (V) 29.94 16.6 165

Maximum power (W) 250 40 70

SC current (A) 8.92 268 47

OC voltage (V) 37.66 233 21.4
Veo=Va+a(V,-Vy5) (22)
I,=I,+a(l,-1,) (23)

where (V,,, I,) and (V,,, I,,) are the I-V characteristics of (S3, T>) and
(S4, T)), respectively. a is determined by Eq. 24:

Ta = TZ + (X(Tl - Tz) (24)

Therefore, the complete flowchart of the proposed methodology
is shown in Figure 5.

4 Results and discussion
4.1 Simulation validation

To verify the feasibility of the series resistance extraction
method proposed in this study, the corresponding simulation was
first conducted. A 110 kW PV power generation demonstration
project was installed on top of the teaching building of the Anhui
PV module
demonstration was polycrystalline silicon JAP6 60-250 (JA
Solar Corporation). Therefore, JAP6 60-250 was used in
simulation. Two other PV modules made of varied materials

Polytechnic  University. The used in this

were also selected: thin-film ST40 and monocrystalline silicon
SP70 (Shell Corporation). The main electrical parameters of
these PV modules under standard test conditions (STC) are
presented in Table 1. The I-V characteristic curves of the PV
modules used in this study were obtained from the datasheets
provided by the manufacturers, which effectively avoided
measurement error and noise in the extraction method.

The Rg expression in Eq. 19 contains the ideality factor n,
which is a PV module parameter. The influence of n on Rg was
also evaluated in the simulation. The author previously used a
numerical method to solve # for I-V characteristic curve of PV
modules (Wang et al., 2021). Then the values of n for each I-V
characteristic curve of three simulated PV modules are listed in
Table 2. When n takes different optimized values, based on the
results of Table 2, Eq. 19 is called the proposed method 1. When n
adopts different fixed constants in accordance with different PV
technologies, Eq. 19 is called the proposed method 2. Eq. 5, which
solves the Rg according to the derivative of the I-V curve at the
OQC, is called the Derivative Method. In addition, in the author’s
previous work, based on the initial value from an analytical
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TABLE 2 n values of three PV modules under different 1-V characteristic
curves.

PV module S (W/m?) T (C) n
JAP6 60-250 1,000 5 129
1,000 25 127

1,000 45 127

1,000 65 132

800 25 126

600 25 114

400 25 105

200 25 0.93

SP70 1,000 20 134
1,000 25 1.36

1,000 30 135

1,000 40 138

1,000 50 138

1,000 60 1.38

800 25 136

600 25 153

400 25 148

200 25 1.38

ST40 1,000 20 174
1,000 25 192

1,000 30 175

1,000 40 178

1,000 50 179

1,000 60 182

800 25 187

600 25 185

400 25 1.85

200 25 1.90

expression, a numerical method was used to optimize Rg
according to the determination coefficient (Wang method)
(Wang et al,, 2021). Piliougine et al. used the trust-region
algorithm (TR method) in the MATLAB optimization toolbox
to estimate Rg (Piliougine et al., 2020). The Wang method and TR
method used large amounts of information to solve R, and the
reliability of the results was high. Therefore, these two methods
were used for comparison in the simulations.

R, extraction results for JAP6 60-250 are shown in Figure 6. For
the proposed method 1, the values of n were obtained from Table 2.
In the proposed method 2, the value of 7 is 1.3 because JAP6 60-
250 is manufactured using polycrystalline silicon (Carrero
et al,, 2007).
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Ry extraction results for SP70 are shown in Figure 7. In the
proposed method 2, the value of n is 1.2 because SP70 uses
monocrystalline silicon (Carrero et al., 2007).

R, extraction results for ST40 are shown in Figure 8. In the
proposed method 2, the value of # is 1.8 because ST40 is a thin-film
PV system (Carrero et al., 2007).

As shown in Figures 6-8, although the proposed method 1 is an
analytical method, its accuracy is very high and is close to that of the
Wang method and TR method. In all cases, the solved R, values
coincided with or approached those solved using the Wang and TR
methods. In Figures 6, 8, the proposed method 2 exhibits a robust
performance. However, it performs poorly in Figure 7. This is not
surprising because there is a significant difference between n values
used by the proposed methods 1 and 2. In all graphs, the R
calculated by the Derivative Method deviated significantly from
the R; calculated by the other methods. This also indicates that R,
cannot be solved directly using the derivative of the I-V
characteristic curve at the OC point. In addition, R, in Figure 8
is significantly greater than that in its counterparts, as shown in
Figures 6, 7. A possible reason for this finding is that the fill factor of
ST40 is only 64.1%, which is significantly lower than those of JAP6
60-250 and SP70. In addition, these simulation results show that the
R, values of the same PV module are not the same when T or S
changes, so these values cannot be directly used for the evaluation of
PV modules.

In terms of the operability of the method, the Wang method
requires a complete [-V characteristic curve and corresponding
computer program to complete. The TR method is based on the
complete I-V characteristic curve and is implemented through
the MATLAB optimization toolbox. So the processes completed
by these two methods are relatively complex. Although the
Derivative method can be implemented based solely on Eq. 5,
the simulation results of the three PV modules show that the
obtained results by the method are significantly deviated from
those of other methods. Although the methods proposed in this
study also belong to analytical methods, the results obtained can
be close to those of the Wang and TR methods. And in practical
applications, it is possible to choose between the proposed
methods 1 and 2 based on the algorithm complexity and
solution accuracy. Furthermore, the derivation of the proposed
method is based on the calculation formula for reverse saturation
current in Eq. 8. In fact, the reverse saturation current generated
by different calculation formulas may vary. However, from the
simulation results, the assumption of reverse saturation current
in this study is acceptable.

4.2 Experimental validation

For PV power generation demonstration project of the Anhui
Polytechnic University, more than 6 years have passed since this
PV power generation system began operation in 2016. All data in
this system were recorded on a server in real time. For a PV
module, 100 I-V characteristic curves from July to August
2021 were selected, and Ry was calculated using the proposed
method 1. The results are presented in Figure 9.

As shown in Figure 9, when § is approximately 200 W/m?, the
maximum value of Ry can reach 0.742 Q). With an increase in S, R
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decreased, similar to an exponential decay. When S was
approximately 1,000 W/m? the minimum value of R, was
0.347 0. When T changed, the dependence between Ry and T
was not evident. Additionally, because Ry is closely related to the
aging level of the PV module, the general aging state of the PV
module can be determined using R,. However, as shown in Figure 9,
the R, of the I-V curves varied under different S and T values.
Therefore, the proposed correction method was used to correct these
curves to the STC.

In Figure 10A, the value of T, was 45°C, and the dI/dV
corresponding to the interval [I»00Rs, Voc1000] Was obtained

Frontiers in Energy Research

according to the saved I-V characteristic curves. Then, another
I-V characteristic curve under (S; = 947 W/m?, T, = 68°C) was
selected. Therefore, the value of S, was 975 W/m?, based on Eq.
20. Hence, the I-V characteristic curve under (S, = 975 W/m?,
T, = 45°C) can be obtained through the recursive algorithm and
the dI/dV corresponding to the interval [Ic975Rss Voco7sl.
Finally, according to the I-V characteristic curves at (947 W/
m?, 68°C) and (975 W/m?, 45°C), the I-V characteristic curve of
(Sa = 1,000 W/m?, T, = 25°C) can be obtained using Egs. 22 and
23. The corresponding R, value was calculated as 0.352 Q using
the proposed method 1.
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The other nine corrected I-V characteristic curves were  values were averaged to 0.349 Q. However, according to the I-V
given in Figures 10B-J. Then the proposed method 1 was  characteristic curve under STC given in the datasheet, the R,
applied to solve Ry for the corrected I-V characteristic  valueis 0.331 Q, which indicates that this PV module has been
curves, as shown in Table 3. Finally, these ten values of Ry  slightly aged.
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TABLE 3 R, values of 10-corrected |-V characteristic curves and corresponding average values.

0.346 0.352 0.349 0.354 0.345 0.346 0.351 0.344 0.349

R, ()

0.352 0.353

5 Conclusion accurate n before calculating the series resistance. And when the I-V
characteristic curve contained excessive noise or bad point data,
In order to effectively evaluate the health of PV modules, an accurate  appropriate filtering or data smoothing algorithms were used for
analytical method for the series resistance was proposed. This method is ~ preprocessing to obtain the correct derivative. When S was very
based on the derivative of the I-V characteristic curve of the PV
modules, and a correction method for the I-V curve differing from
the IEC 60891 standard was provided. The correction method adjusted
the I-V characteristic curves of PV modules according to a specified

operating condition; then, the value of the series resistance was obtained

small, the impact of noise on the I-V characteristic curve was very
significant, and accurate derivatives were not easily obtained. In this
case, the series resistance values obtained by the proposed method need
to be treated with caution. In addition, the proposed method can be
combined with other fault diagnosis methods to achieve comprehensive
through a simple analytical expression. Considering the problem of  evaluation of the operating status of PV modules.
different sizes of series resistance in different environments, the current
proposed method has improved the evaluation of the PV modules status
over the conventional method. The effectiveness of the proposed
method was verified through simulations and experiments, and the
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