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Abstract: Correction of the I-V curve permits the comparison of curves measured under different conditions for
photovoltaic (PV) panels' health monitoring purpose. IEC 60891 has defined three standard procedures named 1, 2
and 3 for the correction. They were initially designed to correct the curves of healthy PV panels. However, their
performance, when applied to I-V curves measured on faulty panels, is rarely discussed. This work evaluates these
correction methods on |-V curves simulated under different environmental conditions and for five types of defects of
varying severity. The results show that procedure 3 has a relatively better overall performance but is not suitable for
rapid application in the field as it requires the determination of reference curves. It is found that procedures 1 and 2
could introduce distortion of the curve's shape, with a relative error of up to 13.8 % and 6.4 %, respectively. A
misestimation of 9.1 % for key parameters of the curve has been observed, when using procedure 2 for maximum
power. Based on the performance analysis, a new correction method is proposed to fit the corrected voltage. It can
reduce the curve's average correction error by 31.3 % compared to the original single curve correction method.
Challenges and directions for future work are also presented.

Key words: Photovoltaic; I-V curve; I-V curve correction; IEC 60891; Fault detection and diagnosis;

Nomenclature
a Irradiance correction factor yreal Vo of real curve at STC (V)
a Absolute temperature coefficient of Ig. (A/<C) Vi Voltage of inflexion point under PS (V)
Qe Relative temperature coefficient of Isc (%/<C) PS Partial shading
B Absolute temperature coefficient of V¢ (V/<C) P, Maximum Power (W)
Bre Relative temperature coefficient of Voo (%/<C) PV Photovoltaic
CE Curve error (%) ocC Open circuit
G Global in-plane irradiance (W/m?) RE Relative error (%)
GainPS Block gain used in simulation to control PS degree Roc Resistance used in simulation for OC (Q)
| Current (A) R, Series resistance ()
I Current of corrected curve (A) Rs gegra  Resistance used in simulation for Rs
[real Current of real curve at STC (A) B degradation (Q)
Iupp Currentat MPP (A) Rsc Resistance used in simulation for SC (Q)
Ly Current of inflexion point under PS (A) Ren Shunt resistance (Q)
Is¢ Short-circuit current (A) Rsh gegra  Resistance used in simulation for Rsh
Ired Isc of real curve at STC (A) degradation ()
I-V curve  Current-voltage characteristics SC Short circuit
MPP Maximum power point STC Standard test condition
K Curve correction factor TC Temperature coefficient
%4 Voltage (V) Tm Module temperature (C)
Vupp Voltage at MPP (V) y Interpolation constant for correction method
Voc Open-circuit voltage (V) M3
Vs Voc under STC in healthy condition (provided in
datasheet) (V)

1. Introduction

The current-voltage characteristics (I-V curves) measured from a faulty photovoltaic (PV) module or array (from now on,
termed as faulty I-V curve) contain valuable information on the health status (Fadhel et al., 2019; Li et al., 2019). For a
single module or small-scale PV string, one I-V tracer device can measure 1-V curves under various meteorological
conditions (Sarikh et al., 2020; Zhu and Xiao, 2020). Hardware solutions (integrated at inverter level) (Spataru et al., 2015)
support are now commercially available to measure 1-V curves at array or power plant level (Huawei, 2020). Therefore,
with the increasing availability of field-measured I-V curves, I-V curves for PV health monitoring are becoming a hot topic
(Mellit et al., 2018; Pillai and Rajasekar, 2018).
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Based on a field-measured I-V curve under any environmental conditions, there are two common ways (Mellit et al., 2018;
Pillai and Rajasekar, 2018) to use it for PV health monitoring and diagnosis:

e Model-based difference analysis: Analyze the residue between the measured I-V curve (or the extracted features) and
the simulated ones for identical environmental condition,

e Correction-based analysis: Correct the whole measured I-V curve (or the extracted features) to specific environmental
condition (generally Standard Test Condition (STC) (1000 W/m? and 25 <T)).

Itis clear that for a model-based difference analysis, it is unnecessary to correct the 1-V curve, but a suitable and accurate
PV model is required.

However, for correction-based analysis, correction of the 1-V curve is an indispensable step to make curves measured
under different environmental conditions comparable. Based on the corrected curves, the open-circuit voltage (V,), short-
circuit current (I5.), the voltage at the point of maximum power (Vy,pp), current (I,,pp) and power (B,,) are commonly
extracted characteristics for fault diagnosis (Agrawal et al., 2020; Chen et al., 2017; Huang et al., 2019) or power loss
analysis (Wang et al., 2020). Besides, equivalent series resistance (R;) or shunt resistance (Rg;) are also commonly
calculated from corrected curves to analyze the degradation mode of PV networks (Bouaichi et al., 2019; Silva et al.,
2019).

In this sense, if there are significant errors in the corrected curves or the corresponding characteristics, the subsequent PV
diagnosis's accuracy will be severely compromised. Therefore, correction of I-V curves plays a vital role in PV health
monitoring.

There are no specific methods proposed for the correction of faulty 1-V curves to the best of our knowledge. Consequently,
most researchers adopt the original or simplified IEC 60891 (IEC 60891, 2009) correction procedures (Golive et al., 2019;
Rajput et al., 2016). For example, several authors have adopted the procedure 1 in IEC 60891 to correct 1-V curves
measured under partial shading (PS) (Dolara et al., 2013), potential induced degradation (PID) (Mart mez-Moreno et al.,
2018), dust soiling (Tanesab et al., 2017, 2015), or hot spot (Ma et al., 2019). Besides, procedure 2 of IEC 60891 is also
used to correct the I-V curves' key parameters (Chen et al., 2017). These parameters can then be used as inputs of a classifier
(e.q., artificial neural network (ANN)) to automatically identify the fault types (PS, open circuit (OC), short circuit (SC),
or shunt resistance degradation). Similar applications can also be found in (Zhu et al., 2018).

It should be noted that these methods based on the IEC 60891 standard have been all initially designed for the correction
of curves measured from healthy PV panels. Moreover, in literature, the suitability of these methods correction of the 1-V
curves of defective panels is rarely studied, let alone whether the defects' characteristics are distorted by the correction and
thus lead to a diagnostic error. All these issues are decisive for the diagnosis of PV faults (Triki-Lahiani et al., 2018). Thus,
this paper aims to first evaluate the IEC 60891 methods' performance for the correction of faulty panels I-V curves. Then,
based on IEC 60891 methods' performance analysis, an improved correction method will be proposed and evaluated.

The outline of the paper is as follows. Section 2 introduces the methodology from the simulation of faulty I-V curves,
introduces the correction methods and performance evaluation metrics. Sections 3 and 4 present the correction performance
using the single or multiple-curves-based methods, respectively. The comparison of these methods and guidance on future
work are discussed in Section 5. Section 6 concludes the paper.

2. Methodology for the evaluation of correction methods

Since our target is to evaluate the error caused by the correction methods, it is essential to avoid the effects of other factors,
like the measurement uncertainty on irradiance G, module temperature Tm and I-V curve, which could be up to 5 % (Friesen
etal., 2018). Therefore, the curves to be corrected are generated in simulation rather than from field measurement to ensure
all the correction formula parameters are real values, without any bias.

2.1. Simulation of I1-V curves
2.1.1. Simulation model

A PV array is modelled under Simulink® to address several fault types. The array consists of two strings in parallel, and
each string of three mc-Si modules in series, as shown in Fig.1 (a). Each module comprises three strings of twenty cells
and three bypass diodes, as shown in Fig.1 (b). Table 1 lists the detailed module parameters.
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Fig. 1 Simulation model: (a) PV array structure, (b) PV module structure

Table 1 Parameter setting of mc-Si PV module

Variable Value Variable Value
Isc 8.64 A Vupp 31.80 V
Voc 37.90V Aoy 0.02 %/°C
Iupp 6.52 A Bret -0.36 %/°C

where, arel and S are the temperature coefficients (TC) of I and V., respectively.
The characteristics of the array’s I-V curve depend on:

e G and Tm: the values are identical for all the modules and depend on the correction methodology, which will be
detailed in Sections 3.1 and 4.1;

e Fault Parameters: the gain block and resistors added as shown in Figure 1 (a), which are detailed as follows.
2.1.2. Configuration of faults

With the gain block and the additional resistors, the model can simulate PV array under healthy and faulty conditions. In
this work, five typical faults are considered:

1) Partial shading (PS): 1 module is shaded by adjusting the value of the GainPS coefficient which varies in the range
[0, 1] and controls the irradiation of the module ;

2) Short-Circuit (SC): 1 module is short-circuited by connecting the resistance Rg. in parallel;
3) Open-Circuit (OC): 1 string is open-circuited, by connecting the resistance R, in series;

4) Rsdegradation (Rs degra): the equivalent series resistance of the array is increased by putting in series additional
resistance R gegras

5) Rsh degradation (Rsh degra): the equivalent shunt resistance of the array is decreased by connecting in parrallel
the resistance Rgp_gegra;

Table 2 summarizes the different fault parameters and their corresponding range of variation used to analyze the impact of
fault severity on the correction performance, presented in sections 3.2 and 4.2.

Table 2 Parameter setting for the different conditions
Condition GainPS Ry () Roc () Rs gegra (Q) Rgn_degra ()

Healthy 1 10° 10° 10° 10°

PS 1 module [0-1] 10° 10° 10° 10°

SC 1 module 1 10° 10° 10° 10°

OC 1 string 1 10° 10° 10° 10°

Rs degradation 1 10° 10° [10°-2] 10°
Rsh degradation 1 10° 10 10° [105-10]




103

104
105
106

107

108

109
110
111
112

113

114

115
116

117
118
119
120
121

122

123
124
125
126

127

128
129

130

131
132
133

134

135
136
137
138
139

140

141
142
143

2.2. Correction methods

Through the literature review, the most common |-V curve correction methods are based on three procedures (hereafter,
called M1, M2, and M3) proposed in IEC 60891 (IEC 60891, 2009). These methods and a proposed M2-based improved
method are detailed as follows:

e Method 1 (M1):
Iy = I + Isc1(G2 /Gy — 1) + a(Tpy — Tpy) €9)]
Vo =Vi —=Rs(I; = ) — kl,(Trnz — Tip1) + B(Trmz — Tin1) (2)

where, I; and I,, V; and V,, T, and T,,,, G, and G, are the current, voltage, module temperature, and irradiance
before, and after correction, respectively; Isq, is the short-circuit current before correction; a and S are the PV module
absolute TC of Iy and Vo, respectively; a = aye  ISFC, B = Brer * VSLC, aye and B, are the relative TC of Iy,
and V,. (presented in Table 1); R, isthe internal series resistance and k is the curve correction factor.

e Method 2 (M2):
I, = 11(1 + et (Trnz — Tm1))Gz/G1 (3)
Vo =Vi + VocilBret(Tmz — T1) + a- In(G3/G)] — Rs(I, — 1) — k- I,(Tiz — Trn1) 4)

where, Vy¢, is the V. before correction; a is the irradiance correction factor; R, and x are determined by the
procedure described in (IEC 60891, 2009).

The determination of the coefficients a, Ry and x for M1 and M2 requires a group of I-V curves at the same G or at the
same Tm, which is troublesome and time-consuming to fulfill in real life. Therefore, in most M1 and M2 applications, these
coefficients are either tuned via simulation under healthy condition (Silva et al., 2019) or neglected (Dolara et al., 2013)
but to the detriment of lower performance. Therefore, in this paper, these coefficients will not be neglected and determined
following the standard routine, i.e., via the simulation under healthy condition.

e New Method 2 (NewM2):

In fact, as it will be shown later, M1 and M2 do not perform well under all the tested faulty conditions. Thus, a new method
denoted NewM2 is proposed. It uses the same formula as M2 for current correction. But for the voltage correction, the term
“Voci” in (4) is replaced by ‘Vyeq[1 + Brei(25 — T;)]’. The reason for this change will be explained in Section 3.2.1 while
analyzing the correction performance. Therefore, the equations for NewM2 are:

I = h(1+ &re(Tnz = Tr1)) G2/ G (5)
Vo = Vi + Voci[1 4 Bret(25 = T)I[Bret(Tmz — Tma) + a - In(G2/G1)] — Ry — 1) — K - [, (T — Tont) (6)
e Method 3 (M3):
Different from M1, M2 or the NewM2, M3 is free from correction coefficient but needs an interpolation constant y:
L=5L+y(,—1) 7
Vs =V, +y(V,—V) (8)

According to (IEC 60891, 2009), M3 requires at least 2 reference curves to obtain one corrected curve at specified G or
Tm by calculating y using (7) or (8). Thus, to correct a curve with a requirement on both G and Tm, three curves are
necessary.

G3 = G, +y(G, — Gy) €))
T3 =T, +y(T, —Ty) (10)

In summary, the implementation of M1, M2, and NewM2 only requires one single 1-V curve, while M3 requires multiple
curves. Since their correction procedures are different, their evaluation performance will be conducted separately (in
Sections 3 and Section 4, respectively). Since STC (G =1000 W/m? and Tm =25 <C) is more commonly adopted as the
target condition for |-V curve-based diagnosis, in the following, if not stated, the correction of 1-V curves refers to the
correction to STC.

2.3. Performance evaluation metrics

The evaluation of correction performance will be conducted from two aspects, i.e., from the whole 1-V curve and single
extracted parameters (e.g., maximum power B, V,. and Ig.). Firstly, for the whole 1-V curve, the curve error (CE) is
adopted as the metric, calculated by the normalized root-mean-square error between the corrected curve and the one
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simulated-at-STC (from now on called real curve). It should be noted that the real curve only means that G and Tm are at
STC, but the array condition could be either healthy or faulty.

Ja s — pety:

CE = el X 100 % (11)
SC

where, If and I7¢* are the current values from the corrected and actual curve, respectively, for the same voltage V;. V;
is the i™ element of the voltage vector consisting of N points linearly distributed in the interval between 0 and V,,,,,, with a
constant step (V,,4, is constant for all the conditions). The value of V},,,, can be set higher than VVoc in order to prevent
the voltage after correction from exceeding the set value. In this study, V., issetas 120V and N at100. II¢% refers
to the Ig. extracted from the real curve.

Then, regarding the parameters, the correction is evaluated with the relative error (RE):

Xec _Xreal
REX = W x 100 % (12)
where, X¢ and X"°4 are the parameters from the corrected and real curve, respectively. X can be a data coming directly
from the curve (such as B, Vyc or Ig) or one of the parameters of the single-diode model (R; or Ry, for example)
whose evolution can be considered as a signature of a defect.

3. Performance of correction methods using single I-V curve

This section focuses on the correction methods based on a single I-V curve, i.e., M1, M2 and NewM2. Firstly, the selection
of G and Tm to generate the curves is presented in Section 3.1. Then, the correction performance (using the metrics CE,
and RE) will be evaluated using the curves simulated under constant or variable fault severity, presented in sections 3.2
and 3.3, respectively.

3.1. Selection of G and Tm based on field measurement

To evaluate the correction methods with real environmental conditions, the selection of G and Tm to generate the curves is
based on field measurement (in SIRTA meteorological and climate observatory (Migan et al., 2015), France) of one mc-Si
PV module (identical to those used in the simulation in Section 2.1.1) during summer as illustrated in Fig. 2. To minimize
the correction error, commonly, the curves’ irradiance for correction is selected in the highest range (Ding et al., 2014).
Therefore, in our case studies, the lower bound of G is set as 800 W/m?2.

Distribution of field-measured G and Tm

75 b

70 B
__ 65§ §
g_) - .
~ 60 & .
S .

55 B §

50 @88 b

45 ‘ . ® ® Measured G, Tm b

® Selected G,Tm for simulation
40 L L Il 1
800 900 1000 1100 1200
G (W/m?)

Fig. 2 Selected G and Tm based on field-measurement during summer for one mc-Si PV module

In Fig. 2, the blue points represent the measured G and Tm, while the red ones are selected for the simulation. A group of
174 pairs of G and Tm is selected based on a quasi-uniform distribution within the area enclosed by the blue points.

3.2. Correction performance using curves for defects of constant severity
The fault severity is firstly set constant to investigate the impact of the selected G and Tm:
1) GainPS = 0.2 for partial shading,
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2) Rs_degra =1 Q for series resistance degradation,
3) Rsh_degra = 30 Q for shunt resistance degradation

Based on the generated curves, the correction performance can now be evaluated. Section 3.2.1 examines the shape of the
corrected curves. Section 3.2.2 analyzes the performance evaluation metrics CE and RE for key curve parameters, and
Section 3.2.3 studies the RE for the fault features.

3.2.1. Corrected I-V curve form

Using M1, M2 and NewM2, the curves before and after correction are displayed in Fig. 3.

Healthy PS SC Rs degra Rsh degra
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Fig. 3 Correction results, (a): curves simulated for correction (each condition contains 174 curves with field-measured combinations of
G and Tm at constant fault severity), (b): corrected curves using M1, (c): corrected curves using M2, (d): corrected curves using
NewM?2 (the displayed color of each curve is determined by the irradiance value with the colorbar on the right side of the figure, the
circles on the curves represent the MPP)

For the corrected curves, apparent deviations to the real I-V curve can be observed for most faulty conditions using the
three methods. These deviations are due to the combined effect of voltage and current corrections, reflected along the x
and y axes, respectively. They are now analyzed as follows:

1) Voltage correction:

The deviations due to voltage corrections are observable in all the cases when using M2, but only for SC and Rs degradation
when using M1, and for SC when using the NewM2. To analyze these results, we rearrange the voltage correction formulas
(2), (4), and (6) as it follows:

Vo=ky Vi+ky (T, —Tm1) + k3 In(Gy/Gy) + ks (I — 1) +ks I+ (Tmz —Ta), (13)
where the different coefficients k; (i = 1, ...,5) for each method, are given in Table 3.

Table 3 Coefficients for voltage correction in M1, M2 and NewM2

Method k4 k, k3 ky ks
M1 1 Brei* Vg,c:C 0 R -k
M2 1 Bret* Voca aVoc1 -Rs -k

NewM2 1 Bra Vot a-Voer -Rs -k

[1 + ﬁrel(T:nZ — Tml)]
* In this study, we correct the curves to STC, thus T,,, =25 C

Firstly, we compare M1 and M2. Based on the tuning procedure in the standard IEC 60891, k, and ks are similar for the
two methods. As for kg, itis 0 in M1. In M2, since both the coefficient a and ‘In(G,/G,)’ are small values, their product
is a second-order term, and its contribution is negligible (within 0.3 %). As a consequence, the main difference between
M1 and M2 lies in k,. It is noteworthy that k, for M1 is constant, while for M2, it depends on V-, (Vo Of the curve
to correct). In Fig. 3 (b), there is almost no distortion of the corrected curves when using M1 under healthy condition, which
demonstrates the voltage’s correction efficiency. As for M2, since T, of the curves to correct (T,,,) are all higher than
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the target T,,, (T;,2, 25<C), V,eq is thus always lower than V52¢ (impact of G on V,; is negligible compared to Tm).
Accordingly, k; - (T2 — Tny) in M2 is lower than in M1. Therefore, the corrected voltage in M2 is lower than in M1.
That is the reason why in Fig. 3 (c), we can observe the slight distortions of the corrected curves shifted on the left side of
the real curve round the open-circuit point.

Besides, the significant correction error under SC and PS for M1 and M2 also originates from the setting of k,. For SC, to
be specific, short-circuit is introduced in one module of one string. As a consequence, V;é# is different from V52¢ (value
extracted from the datasheet, i.e., in healthy case), and is equal to around 2/3 of V35Z¢. Therefore, in M1, the corrected
voltage is higher than the real value. As for M2, V,,, although varying with Tm, is still closer to V}¢%. Consequently,
voltage correction is more efficient with M2. Regarding PS (1 module shaded), during the process of 1-V scan, when the
bypass diodes get activated, the shaded module can be considered as a SC. That explains why a similar deviation is also
observed near the inflexion point.

From the above analysis, M1 and M2 have their pros and cons in voltage correction. Accordingly, NewM?2 is designed by
combining their advantages. As observed before, in k,, using V52¢ (like in M1) could generally lead to better voltage
correction than using V,; (like in M2) except under SC. The exception is because Vi< fails to reflect Ve, Therefore,
in NewM2, V., isreplaced by Vyeq * [1 + Brei(Timz — Tima)1, Which corrects the measured V¢, tothe V. under STC
of the real curve and therefore, could better approximate V3% under any condition. In this way, as shown in Fig. 3 (d),
the correction errors near the open-circuit point using M1 (under SC) and using M2 (under other cases) are attenuated.

2) Current correction:

For the current of corrected curves, noticeable dispersion along the y-axis is observed under PS near the inflexion point
using M1. In fact, the output current of the PV module is mainly affected by G, while the impact of Tm is limited. Therefore,
to analyze this phenomenon, for simplification, the contribution of (T;,,, — Ty1)’ IS neglected. Then we can derive from
(1) and (3):
e For M1:
I, =1 + I5¢1(G2/Gy — 1) (14)
e For M2:
L=1-G,/G, (15)

Comparing these two expressions, for M2, the corrected current (1,) is proportional to the current to correct (I;). While for
M1, there is always a bias that degrades correction’s performance, particularly around the inflexion point, like in Fig. 3 (b)
under PS. Therefore, M2 performs relatively better than M1 in current correction. That also explains why, for NewM2, the
current formula of M2 is chosen, and the same performance is achieved in Fig. 3 (d).

3.2.2. CE and RE of key curve parameters

Based on the corrected curves, the performance evaluation metrics (CE, REp, , REy,. and RE,,.) are calculated.

Considering that G and Tm are both varying for the 174 curves to correct, the statistics of the metrics are presented in Fig.
4,
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Fig. 4 Four metrics to present the correction performance of M1, M2 and NewM2: (a) CE, (b) RE of B, (c) RE of V,, (d) RE of
Is¢ (the bars represent the mean value for the correction of 174 curves, while the horizontal whiskers represent the standard deviation
(std), these 2 values are marked as ‘mean’+‘std’)

These metrics are analyzed as follows:
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1)

2)

3)

4)

CE: The value of CE, which reflects the correction error on the whole curve, corresponds to the observations in
Fig. 3. As expected, high CE is found under SC using M1, and PS using all the methods. None of M1 and M2
outperforms in all the conditions, but the proposed NewM2 performs better with generally lower and more stable
CE. The overall average CE (2.37 %) decreased by 31.3 % compared to the average when using M2 (3.45 %);

REp,_: Similarly, NewM2 performs better correction of B,. However, it should be noticed that RE,_ is positive
under nearly all the conditions for all the methods. This indicates that the fault impact on B,, is underestimated.
The mean maximum value is up to 9.1 %, which could hinder the detection of incipient PV fault if B,, is used as
a fault indicator;

REy, . The results are consistent with our previous observations, i.e., the corrected V,. with M2 is always lower
than the real value under all conditions, while the V,. using M1 is relatively better corrected except under SC,
where the maximum value of the mean REy,. could reach 5.7 %. And NewM2 effectively reduces REy .
compared with M1 (in SC), and M2 (in other cases);

RE,,.: The performance of the three methods is similar. It should be noted that, based on (2) and (4), the voltage
of the short-circuit point on the original curve (i.e., equals 0), after correction, is positive. This phenomenon is
also observed in (Bihler et al., 2014). Therefore, to retrieve the I;. (according to the definition, the
corresponding voltage should be 0), the corrected curve must be extrapolated. Here, the extrapolation method in
(Bihler et al., 2014) is adopted. In this way, although the current value corrected from the original Igc (Ig¢q) iS
close to the actual I, there is still a difference that depends on the initial slope of the corrected curve. Indeed for
all the conditions except Rsh degradation, where the slope is mild, RE;,. is low (within £0.5 %). But for Rsh
degradation, where the current at MPP is severely lowered down, the slope is steep, and RE|,. is larger.

3.2.3. RE of fault features

Now, we evaluate the correction performance from one or two typical curve parameters, selected as follows:

1)

2)
3)
4)

5)

PS: The voltage and current at the inflexion point, named V., and I., respectively. I, could reflect the
shading level, and V., the number of activated bypass diodes of PV modules in one string;

SC: The open-circuit voltage Vy;

OC: The short-circuit current Ig.;

Rs degradation: The extracted R, from I-V curve, R, = —d,; (Chin et al., 2015);

Wly=vye

Rsh degradation: The extracted R, from I-V curve, Ry, = —d,; (Chin et al., 2015);

@ li=rge

For each fault feature, the RE is calculated from the values obtained from the corrected and real curves. The results are
summarized in Table 4. We can observe large misestimation (absolute mean RE >2 %) with V,,,, I,,,, Voc and Rs; when

using M1, and V;

p» Rs and Ry, when using M2 and NewM2. Worse yet, nearly all these large errors (except Ry, using

M2 and NewM?2) lead to underestimating fault features, which will affect the detection of incipient faults. Similarly, none
of the three methods outperforms for all the fault features. However, the overall performance of NewM2 is relatively better.

Table 4 Impact of correction on fault features using M1, M2 and NewM2

Fault M1 M2 NewM2
Case feature Value (%) Impact on Value (%) Impact on Value (%) Impact on
(mean =std) fault feature (mean =std) fault feature (mean =std) fault feature

REy,, 7.3+2.6 Underestimated 6.8+1.3 Underestimated 74+1.8 Underestimated
PS RE, 2.5+6.6 Underestimated -0.240.1 Overestimated -0.240.1 Overestimated
SC REy,. 57+1.4 Underestimated -0.7+0.7 Overestimated 11+0.8 Underestimated
ocC RE,, -0.4+0.08 Overestimated 0.3+0.06 Underestimated 0.3+0.07 Underestimated
Rs degra RER, -3.410.7 Underestimated -13.645.1 Underestimated -5.545.3 Underestimated
Rshdegra  REg,, -0.1+0.4 Overestimated -4.6+9.0 Overestimated -4.149.1 Overestimated

3.3. Correction performance using curves for defects of variable severity

In this subsection, the impact of each fault severity on correction performance is investigated. The severities of PS, Rs, and
Rsh degradations are varied in the following ranges one at a time: GainPS = 0:0.1:1, R, degra=105:0.2:2 Qor R, degra
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=10%15 Q. For each fault level, the curves are simulated for the selected 174 pairs of G and Tm (presented in Section 3.1),
and corrected using the three single-curve based methods.

3.3.1. CE and RE of key curve parameters

The performance metrics extracted from these corrected curves are now presented in Fig. 5 as a function of fault severity.
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Fig. 5 CE and RE of Pm, Voc and Isc using M1, M2 and NewM2 under 3 faulty conditions with variable fault severity: (a) PS, (b) Rs
degradation, (c) Rsh degradation (the marked line represents the mean of 174 values obtained from the correction of 174 under each
fault severity, while the band area behind represents the standard deviation; the x-axis for Rsh degradation is set as log scale; the
degree of severity is presented from healthy to severe on the x-axis from left to right)

From Fig. 5, several remarks can be drawn:
e All the metrics have a monotonic variation with the fault severities;
e CE is mainly sensitive to PS and severe Rsh degradation;

e REp is more sensitive to severe Rsh degradation and PS. The step variation observed for PS is due to the
maximum power point (MPP) shifting as it can be observed in Fig. 6;

* REy,. and REj,. arealmostinsensitive to all faults regardless of their level of severity, except for RE; . under
severe Rs degradation;

e The overall performance of NewM2 is better than M1 and M2 with relatively lower CE and RE for key curve
parameters.
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Fig. 6 Corrected curves and REp_ using M1, M2 and NewM2 under three fault severities of PS: (a) GainPS = 0.6, (b) GainPS = 0.4,
(c) GainPS = 0.2 (the displayed color of corrected curves and MPP depends on the G of the curve to correct, the circles on the curves
represent the MPP, REp are marked as ‘mean’+‘std’)

Moreover, it should be noted that, for B,,, which serves as an essential indicator for PV devices' health status, its RE is
always positive and gradually increases with the fault severity. This means that using M1 or M2 leads to an inevitable
underestimation of the fault impact, which increases with the fault severity.

3.3.2. RE of fault features

The impact of fault severity on fault features is also investigated, as illustrated in Fig. 7.
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Fig. 7 RE of fault features under PS, Rs and Rsh degradations with variable fault severity (the marked line represents the mean of 174
values obtained from the correction of 174 curves under each fault severity, while the band area behind represents the standard
deviation; the x-axis for Rsh degradation is set as log scale; the degree of severity is presented from healthy (except for V,,, and I,

as these features do not exist under healthy condition) to severe on the x-axis from left to right)

Concerning the variation of the defect characteristics, different trends are observed: for the features V;,, and R, using all
the three methods and for R, using M1, the RE decreases as the severity of the defect increases. The opposite trend is
observed for the other cases. This is due to the different changing rates of each feature's absolute error and its reference
value, as defined in (12). Overall, NewM2 performs relatively better with lower and more stable RE.

It should be noted that within the range of severity of the defects tested; all characteristics are underestimated with the three
methods. Therefore, used as defect signatures (R; or R, for example), which is typical for PV module degradation
analyses, this could hamper the detection and diagnosis of these defects.

4. Performance of correction methods using multiple 1-V curves

In this section, the method based on multiple curves (M3) will be evaluated. Section 4.1 presents the selection of G and Tm
for the reference curves. Sections 4.2 and 4.3 present the correction performance using simulated curves with the selected
G and Tm, for constant and then variable fault severity.
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4.1. Selection of G and Tm for reference curves

Different from M1 and M2, M3 needs at least three reference curves to complete one correction to STC. In this study, like

other common applications of M3, we apply the 2-step correction methodology proposed in (IEC 60891, 2009) with three
curves. An illustration of this methodology on G-Tm plot is shown in Fig. 8.

Correction procedure

A Reference
T,,(°C
m(*0) @ curve3l
\
y P Reference
VT curve 1
/"q\ Step 1
7 1 i
[ 3 \“Intenm curve
Reference \
curve 2 \
[ Step2
7 1-30 P @ Final

* corrected curve

: >
1000 G (W/m2)

Fig. 8 lllustration of 2-step correction methodology based on three curves (Step 1: use reference curves 1 and 2 to generate the interim
curve; Step 2: use reference curve 3 and the interim curve to get the final corrected curve)

Before the simulation of these curves, G and Tm need to be determined. The field-measured distributions of G and Tm of
the same mc-Si module employed in the simulation represent as many real situations as possible. As shown in Fig. 8, three
reference curves form one group of curves to get one corrected-to-STC curve. The irradiance G and temperature Tm of
these reference curves are determined by one-day measurement, covering sunny and cloudy conditions. The latter have
larger fluctuations of Tm. Besides, for sunny and cloudy conditions, three possible conditions are also considered for the
irradiance: 1) lower than 1000 W/m?2, 2) around 1000 W/m? and 3) higher than 1000 W/m?. In total, 120 groups of G and
Tm are manually selected. Some examples are shown in Fig. 9.

(a) 20180625 (b) 20180803 (c) 20180714
80 Measured 80 80
— ® Selected —_ —_— 4 g
£ 60 Q60 G oo L aDume ¥
Eaol® S & 40
20 sTC 20 sTC 20 sTC
800 1000 1200 800 1000 1200 800 1000 1200
G (W/m?) G (W/m?) G (W/m?)
(d) 20180609 (e) 20180707 () 20180703
80 80 80
G G «” G £
Q 60 m Q 60 ne. . Q60 'Nf*;."
g [ £ 0. f £, i e
= 40 = 40 =40 ¢
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G (Wim?) G (W/m?) G (W/m?)

Fig. 9 Examples of selected G and Tm from different summer days: (a, b, c) clear sunny days, (d, e, f) cloudy days ((a, d): the 3
selected G <1000 W/m?, (b, €): selected G around 1000 W/m?, (c, f): selected G > 1000 W/m?)

4.2. Correction performance using field-measured G and Tm for defect of constant fault severity

Firstly, we use the same fault configuration presented in Section 3.1 and simulate 120 groups of reference curves regarding
the fault severity setting. Then, M3 is applied to obtain 120 corrected curves, as shown in Fig. 10. The corresponding
performance metrics and fault features are summarized in Table 5.
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Fig. 10 Corrected curves using M3 (for PS, due to the large fluctuations, the corrected curves are plotted with dot line for better
presentation)

Table 4 Four metrics to present the correction performance and the impact of correction on fault features using M3

CE (%) REp (%) REy_ (%) RE; (%) Fault feature
Case m oc sc
(mean =std) (mean +std)  (mean =std) (mean =std) Feature  Value (%) (mean #std)  Impact on fault feature
Healthy 0.1840.10 -0.0240.1 0.0740.04 6.10°40.05 - - -
REy,, -6.9432.0 Overestimated
PS 3.6742.38 7.548.3 0.0620.07 6.103%40.05 .

RE,, 3.2412.2 Underestimated
SC 0.2840.16 0.03#0.3 0.240.1 6.10°40.05 REy,, 0.240.1 Underestimated
ocC 0.1840.06 2e-440.2 0.0740.05 6.10°40.05 RE,, 6.10°40.05 Underestimated
Rs degra 0.1340.07 0.140.2 0.0740.03 6.10°40.05 REg, 0.0140.04 Overestimated
Rsh degra 0.3640.14 0.440.2 0.0540.04 6.10340.05 REg,, 4.10°%40.01 Underestimated

From the results, clearly, except for PS, M3 achieves good correction (mean value of all metrics within #1 %) for all the
conditions.

In the following, we analyze the ‘catastrophic’ correction error near the inflexion point under PS. As illustrated in Fig. 8,
the correction procedure using M3 is done in two steps. An example of these steps under PS is shown in Fig. 11. In step 1,
due to the unsynchronized appearance of inflexion points on reference curves 1 and 2 (i.e., ;,, are not identical), another
inflexion point is created on the intermediate curve, so that in step 2, a strange curve shape is introduced. This phenomenon
could lead to a large error on B,, but with no significant impact on V,. and Is.

(@) Correction step 1 (M3 for PS) (b) Correction step 2 (M3 for PS)
20 ]- ----------- ~ 20
hY
N

.......................... \
~ 15 “\\ ~ 151
< “\\ <
= ) =
c =Nl c
2 10 EIRS N XY 210}
S RN =] -
(@] N O Interim curve

......... kY = = ‘Reference curve 3 \

5 Reference curve 1 '_\‘ 5 [| ———Final corrected curve
—— Refe.rence curve 2 VA A PP Real curve
Interim curve -
3
0 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Voltage (V) Voltage (V)

Fig. 11 Correction procedure under PS using 3 reference curves-based M3: (a) correction step 1, (b) correction step 2
Also, it should be noted that the fault impact on all the fault features is underestimated. Furthermore, as expected, the most
significant error occurs under PS. Under the other conditions, the RE is within 1 %.

4.3. Correction performance using field-measured G and Tm for defects of variable severity

In this subsection, the impact of fault severity on correction performance using M3 is investigated. The severity for PS, Rs

and Rsh degradations is varied using the same setting as in Section 3.2. The performance metrics as a function of fault
severity are presented in Fig. 12.
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Fig. 12 CE and RE of Pm, Voc and Isc for M3 under 3 faulty cases with variable fault severity: (a) PS, (b) Rs degradation, (c) Rsh
degradation (the circled line represents the mean value for the 120 corrected curves for each fault severity, while the band area behind
represents the standard deviation; the x-axis for Rsh degradation is set as log scale; the degree of severity is presented from healthy to
severe on the x-axis from left to right)

From these results, the following remarks could be drawn:

= Regarding Rs and Rsh degradations, all the metrics are insensitive to the fault level,;

= Regarding PS, only CE and REpy vary according to the fault severity. CE has a monotonic variation, which
makes it relevant for fault severity estimation. However, REpn, is not a reliable feature as it exhibits a non-
monotonic variation. This phenomenon is due to the displacement of the maximum power point (MPP) as
illustrated in Fig. 13.

() GainPs=0.8  (b) GainPs=03  (°) GainPS=0

20 | — 2 20
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Fig. 13 Corrected curves using M3 under 3 fault severities of PS: (a) GainPS=0.8, where MPP of real and corrected curves are all at
‘lower stair’, (b) GainPS = 0.3, where MPP of real is at ‘upper stair’ while MPP of most corrected curves at ‘lower stair’ (c) GainPS =
0, MPP of real and most corrected curves are all at ‘upper stair’ (for each case, REp  is marked as ‘mean’+‘std’)

The behavior of fault features is also investigated with the comparison of identified features from both corrected and real
I-V curves presented in Fig. 14 and the corresponding relative errors (RE) in Fig. 15.
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Fig. 14 Identified feature from corrected (using M3) and original 1-V curve for fault of variable severity (the circled line represents the
mean, while the band area represents the standard deviation; the values of R; or Ry, identified from I-V curve are not equal to the
additional resistance (illustrated in Fig. 1) due to the existence of inherent equivalent Ry (0.74 Q) or Ry, (708.36 Q) of PV arrays
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Fig. 15 RE of fault features under PS, Rs and Rsh degradations for fault of variable severity using M3 (the circled line represents the
mean, while the band area represents the standard deviation)
The large dispersion observed for REy,, and RE, confirms the poor performance of the correction near the inflection
point. The values of R, and Ry, extracted from the original and corrected curves are very close, as confirmed in Fig. 14.
This is also reflected in the low values of REp and REg_, displayed in Fig. 15. The mean value of REg_ lies within

0.1 % and that of RER_, within #0.2 %, and both are relatively insensible to the varying fault severity. It is also noted
that the standard deviations of RER  and REp_, exhibita decreasing trend when the fault severity increases. In all, with
varying fault, M3 achieves quite good and robust correction under Rs and Rsh degradation.

5. Discussion

5.1. Summary of correction methods

The correction performance using three single and one multiple curves-based methods has been evaluated. Each method
has its own pros and cons listed in Table 6.

Table 6 Pros and Cons of correction methods

Single curve-based methods Multiple curves-based method (M3)
M1 M2 NewM2
Pros e Better correction of o Better correction of e Better overall performance e High-precision correction performance under
voltage than M2 current than M1 than M1 and M2 most conditions
o Suitable for rapid field diagnosis o Free of correction coefficients
Cons e Needs to determine the correction coefficients o Not suitable for rapid field diagnosis
e Prone to large underestimation of P,,, and fault features o Needs at least 3 well-chosen reference curves

e Poor correction near inflexion point under PS
with high effect on B,

Once established (i.e., correction coefficients determined), all these single curve-based correction methods can conduct
rapid correction of measured 1-V curves. This allows their integration in real-time health monitoring of PV devices.
However, as discussed in Section 2.2, the determination of correction coefficients is a troublesome task. The coefficients
determined using simulated data do not always fit the real values, especially for the installed PV panels after a long-time
operation. The proposed NewM2, which combines M1 and M2's advantages, leads to better correction performance in all
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fault conditions tested. However, it still introduces a significant correction error in the case of partial shading (PS), the
degradation of Rs and Rsh, compared to healthy conditions, short circuit (SC) and open circuit (OC).

As for the multiple-curves-based method (M3), except under PS, excellent correction is obtained. However, the selection
of reference curves is still a manual process (Hishikawa et al., 2016; IEC 60891, 2009), which could hinder its application
in rapid or on-line field correction.

5.2. Suggestions for future work

Based on comparing the three IEC 60891 correction methods and the new proposal, some suggestions on future work are
hereafter presented.

For correction methods based on a single curve, the determination of correction coefficients for PV panels on-site remains
difficult. A strategy for determining these coefficients based on field measured data needs to be developed that differs
from the IEC 60891 procedure, which requires environmental conditions that are only practically feasible in fully equipped
laboratories. Solutions to reduce dependence on correction coefficients, such as (Hishikawa et al., 2019, 2018), should
also be further developed and validated with 1-V curves taken from panels with defects.

The proposed new correction method still needs to be evaluated with more types of defects.

For the correction method based on multiple curves, two improvements are expected. On the one hand, efforts are needed
to improve correction performance in case of partial shading; on the other hand, developing a methodology for automatic
and efficient selection of reference curves would facilitate the deployment of the technique in the field.

Correction methods should be evaluated with field-measured data.
6. Conclusion

In this work, we have evaluated the performance of methods based on one or more curves proposed in the IEC 60891
standard for the correction of I-V curves measured on defective photovoltaic panels. It has been shown that all the methods
introduce significant errors due to irradiance, module temperature and the severity of the defects. Using the standard method
M1 of the IEC, we have pointed out that a distortion of the curve's shape is commonly introduced with a relative error up
to 13.8%. For P, and the fault characteristics extracted from the corrected curves, estimation errors also occur frequently.
Even worse still, most significant errors result in underestimating the characteristics (up to 9.1% for B, using M2). This
can affect the detection of incipient PV defects if these characteristics are used as defect signatures.

Among the single curve-based methods (M1 and M2), none of them could outperform under all the faulty simulated
conditions. Therefore, an M2-based improved method (NewM2) has been proposed. It has exhibited more robust overall
performance than M1 and M2 with the decrease of average curve error from 3.45% to 2.37%.

The method based on multiple curves (M3) generally has higher performance than those based on a single curve, but it is
not suitable for rapid field diagnosis.

PV health monitoring and fault diagnosis using I-V curves is a promising approach. However, several signs of progress are
expected from future work to improve its efficiency and ease its implementation. At first, the determination of correction
coefficients based on field-measured data or mitigating the dependence on correction coefficients would be beneficial.
Second, the development of a methodology for automatic determination of reference curves and improved correction
performance (mainly to avoid underestimating incipient faults) under different faulty conditions.
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