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A B S T R A C T   

To enable health monitoring and fault diagnosis of PV modules using current-voltage characteristics (I–V curves), 
it is generally necessary to correct the I–V curves measured under different environmental conditions to the 
standard condition. The most common correction methods are those from IEC 60891: 2021 standard. However, 
these methods can introduce significant errors when dealing with degraded PV modules due to the inability to 
account for changes in resistance. To address this, we propose an improved I–V curve procedure, denoted Pdy

namic, which considers different types of degradation by dynamically deriving the correction coefficients from the 
measured I–V curves. To evaluate the performance, we simulate I–V curves across a wide range of irradiance and 
temperature for the healthy and degraded module, where the degradation involves increased series resistance, 
decreased shunt resistance, or both. The results reveal that Pdynamic can produce corrected I–V curves closer to the 
reference ones than Procedures 1, 2, and 4 of the IEC 60891:2021 standard. Moreover, Pdynamic exhibits resilience 
to both seasonal fluctuations and varying levels of degradation. These results highlight Pdynamic as a promising 
and robust I–V curve correction method, particularly for degraded PV modules. A Python-based open-source tool 
for this procedure is also available at https://github.com/DuraMAT/IVcorrection.   

1. Introduction 

Current-voltage characteristics (I–V curves) hold valuable informa
tion regarding the health of a photovoltaic (PV) module or array [1,2]. 
Generally, I–V curves are measured by I–V tracing devices for a PV 
module or a small-scale PV array [3,4]. In recent years, some hardware 
solutions, like the integration of measurement units into the PV system 
inverters [5], have been made available for commercial use to record 
I–V curves for large-scale arrays or power plants [6]. The implementa
tion of commercial I–V curve tracers may face several challenges, 
including compromised accuracy due to variable weather conditions, 
safety concerns related to disconnecting high-voltage devices, and dis
ruptions to the normal operation of PV systems [7]. Despite these 
challenges, as on-site I–V curve measurements become increasingly 
available, the health monitoring and fault diagnosis of PV modules using 
I–V curves have garnered significant research interest [8,9]. 

Environmental factors such as irradiance and temperature signifi
cantly influence the shape of field I–V curves. As a result, I–V curves 

measured under different environmental conditions are typically not 
directly comparable. To achieve comparability, it is necessary to correct 
(or translate) these curves to an identical environmental condition. After 
the correction, the entire I–V curve or key curve parameters can be used 
for health monitoring and fault diagnosis purposes [8,10]. To be spe
cific, key parameters such as the open-circuit voltage (VOC), short-circuit 
current (ISC), voltage at the point of maximum power (VMPP), current 
(IMPP) and power (Pm) can be obtained from the corrected I–V curve for 
power loss analysis [11] or fault detection and diagnosis [12–15]. 
Furthermore, the equivalent series resistance (Rs) or shunt resistance 
(Rsh) can also be extracted for long-term performance and degradation 
analysis [4,16]. 

In this regard, any errors introduced by the correction procedure in 
the corrected I–V curve or the key curve parameters can potentially 
affect the performance of health monitoring and fault diagnosis. Hence, 
it is critical to perform accurate I–V curve correction. 

Many correction methods have been proposed in the literature. The 
most common ones are those from the IEC 60891 standard [17,18]. Its 
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latest version 3.0 (released in 2019) [17] introduced four correction 
procedures, namely Procedure 1, 2, 3, and 4. Compared to the previous 
version 2.0 (published in 2009) [18], Procedure 4 has been newly 
introduced, which does not rely on pre-determined correction co
efficients [19]. Procedure 2 is also revised by incorporating two addi
tional correction coefficients [20]. Procedures 1 and 3 are unchanged. In 
addition to those in the standard, several modified methods have been 
suggested by researchers. Golive et al. [21] introduced a modified Pro
cedure 1 (version 2009) that neglects two correction coefficients. Ding 
et al. [22] presented an improved Procedure 2 (version 2009) based on 
PV module modeling. Abe et al. [23] improved the calculation of the 
correction coefficients of Procedure 2 (version 2009) by reducing the 
number of required I–V curves. Researchers also explored the mecha
nism of the correction procedures. Dobreava et al. [24] demonstrated 
that the nature of the translation involves affine transformations of 
concave functions on convex sets. Duck et al. [25] evaluated the 
correction performance across different irradiance and module tem
perature. Similar work is carried out by Po et al. [26], Raina et al. [27], 
and Tsuno et al. [28]. Hishikawa et al. [29] explored Procedure 3 using 
wide-range linear extrapolation under different weather conditions, 
while Padilla et al. [30] tested Procedure 3 for PV modules of different 
technologies. Paudyal et al. [31] investigated the temperature coeffi
cient from field data for the I–V curve correction, while Golive et al. [32] 
evaluated the sensitivity of Procedures 1, 2, and 4 to the temperature 
coefficients. Overall, researchers investigated various aspects of the 
existing correction methods from IEC 60891 standard, including trans
lation nature, temperature coefficients, and the impact of environmental 
conditions. 

As the primary application of I–V curve correction is for health 
monitoring and fault diagnosis of PV modules, these original or adapted 
IEC 60891:2021 correction procedures have been extensively employed 
in the field for these purposes. Specifically, Procedure 1 (version 2009) 
is applied for the correction when the PV module is under conditions 
such as dust soiling [33,34], shading [35,36], or hot spots [37], and is 
commonly applied for power rating [38]. Degradation analysis is also a 
major application; for example, Procedure 1 is employed in Refs. 
[39–41], Procedure 2 in Ref. [42], and Procedure 3 in Ref. [43]. Addi
tionally, Procedure 2 (version 2009) is also used to correct key I–V curve 
parameters [12]. These corrected parameters could be subsequently 
used as inputs for different tools [28] such as machine learning tech
niques [11,29] to classify the different fault types. For example, in 
Ref. [44], the I–V curves corrected by Procedure 2 are correlated with 
PV electroluminescence (EL) images to identify defects in PV modules. 
In Ref. [45], Procedures 1 and 2 are also explored for the estimation of 
single-diode model parameters. 

It is important to note that all these correction procedures are 
designed for healthy PV modules. Our previous study [46,47] conducted 
a comprehensive evaluation of both versions of IEC 60891 standards for 
faulty PV modules. First, the work in Ref. [46] focused on the 2009 
version of IEC 60891 [18], specifically enhancing Procedure 2 by 
considering the temperature effect on the voltage correction. Note that 
this adapted procedure belongs to the outdated 2009 version. In 2021, 
with the release of IEC 60891:2021 [17], we investigated these new 
procedures for handling faults in PV modules, as detailed in Ref. [47]. 
Our findings revealed that these updated procedures still fail to address 
faults or degradation in PV modules, and significant distortion and er
rors could be introduced to the corrected I–V curves, particularly when 
the module is degraded. The primary reason for the poor performance of 
these procedures is that their correction coefficients are set constant and 
do not adapt to the changing health status of the PV modules. In 
response to this limitation, we introduce an enhanced I–V curve pro
cedure (Pdynamic) based on the latest version of the IEC 60891 standard 
in this paper. This procedure calculates the correction coefficients 
dynamically from the measured I–V curves with no need for additional 
measurements, effectively accounting for series, shunt resistance 
degradation, or both. 

The contribution of this work is summarized in the following points: 
1) An enhanced I–V correction procedure is proposed for both healthy 
and degraded PV modules, outperforming the IEC 60891:2021 correc
tion procedures; 2) The procedure demonstrates resilience to seasonal 
fluctuations and varying degrees of degradation; 3) The procedure is 
validated using field I–V curves; 4) An open-source Python-based tool is 
developed to implement the procedure. 

The remainder of the paper is outlined as follows: Section 2 describes 
the research methodology, which includes the generation of I–V curves, 
common and proposed I–V curve correction procedures, and the metrics 
to quantify the correction errors. Section 3 presents the correction per
formance, where the impact of environmental factors and degradation 
severity are addressed. Section 4 presents the preliminary field tests 
using the proposed correction procedure. A discussion is provided in 
Section 4, and Section 5 concludes the paper. 

2. Methodology 

To investigate the performance of I–V curve correction procedures, it 
is crucial to eliminate the influence of all other sources of uncertainty, 
particularly measurement errors related to irradiance, temperature, and 
I–V curves, which could potentially exceed 5% [48]. Consequently, to 
evaluate the correction performance accurately and comprehensively, 
the I–V curves to correct in this section are generated through simula
tions instead of field measurements. Section 2.1 introduces the genera
tion of I–V curves via simulations. Section 2.2 summarizes the correction 
procedures that are evaluated in this paper. Section 2.3 defines the 
metrics to assess the correction performance. 

2.1. Simulation of I–V curves 

To generate the I–V curves under different conditions, a 
monocrystalline-silicon (mono-Si) PV module (CanadianSolar CS3K- 
310) is modeled in Matlab Simulink® [49], as shown in Fig. 1. The 
module parameters are detailed in Table S1 of Supplementary Infor
mation (SI). This model can generate I–V curves under specified envi
ronmental conditions and for different Rs and Rsh degradation severity. 

The PV module is modeled based on the single-diode model (SDM) 
[50] as depicted in Fig. 2, which contains five parameters: the photo
current (Iph), series resistance (Rs), shunt resistance (Rsh), saturation 
current (Io), and the diode factor (n). The relationship between the 
module voltage and current is expressed in Equation (1). 

I = Iph − I0

[

exp
(

V + IRs

nNskT/q

)

− 1
]

−
V + IRs

Rsh
(1)  

where, Ns is the number of cells of the PV module; k refers to the 
Boltzmann constant (1.38 × 10− 23 J/K) and q is the electron’s charge 
(1.6 × 10− 19 C). 

It should be noted that the values of these five SDM parameters 

Fig. 1. Simulation model of the PV module under Matlab Simulink.  

B. Li et al.                                                                                                                                                                                                                                        



Renewable Energy 224 (2024) 120108

3

fluctuate with irradiance and temperature. To transform these param
eters from a reference value to a specified irradiance and temperature 
(generally the Standard Test Condition (STC), irradiance G = 1000 W/ 
m2, module temperature Tm = 25 ◦C), various models [51–53] are 
available in the literature. The Golive-Model 2 [21] is adopted in this 
paper. The detailed transformation equations of the five parameters are 
presented in Section B of the SI. 

Based on this PV module model, three conditions are investigated: (i) 
healthy, (ii) Rs degradation, and (iii) Rsh degradation. Specifically, to 
consider Rs or Rsh degradation, an extra resistance Rs degra or Rsh degra is 
assigned to the PV module, respectively. When the module is in a 
healthy state, the impact of these additional resistances can be dis
regarded by setting them to a low (Rs degra) or high (Rsh degra) value, as 
indicated in Table 1. The variation ranges of Rs degra or Rsh degra are set 
based on the internal resistances of the PV module. Examples of the I–V 
curves at STC under the three conditions are displayed in Fig. 3. 

2.2. I–V curve correction procedures for evaluation 

Our literature review indicates that the most popular I–V curve 
correction methods are based on the procedures proposed in the IEC 
60891 standard. The recent edition 3.0 of the standard (IEC 
60891:2021) [17] outlines four procedures (Procedures 1, 2, 3, 4). With 
pre-determined correction coefficients, Procedures 1, 2, and 4 only need 
one single measured I–V curve to obtain the I–V curve at the desired 
condition, whereas Procedure 3 requires at least three measured I–V 
curves at different irradiance G and module temperature. Procedure 3, 
due to the difference in the correction nature, is not considered in the 
following. The new procedure Pdynamic, proposed in this paper is based 
on a single I–V curve as Procedures 1, 2, 4. They are outlined below and 
will be evaluated collectively. 

2.2.1. Procedure 1 (P1) 

I2 = I1 + ISC1(G2/G1 − 1) + α(Tm2 − Tm1) (2)  

V2 = V1 − rs(I2 − I1) − κI2(Tm2 − Tm1) + β(Tm2 − Tm1) (3)  

where, V1 and V2, I1 and I2 are the voltage and current before and after 
correction, respectively. G1 and Tm1 refer to the measured irradiance and 
module temperature, while G2 and Tm2 are the target conditions; ISC1 is 
the short-circuit current before correction; α and β are the absolute 
temperature coefficients of ISC and VOC, respectively, where, α =

αrel • ISTC
SC , β = βrel • VSTC

OC . αrel and βrel are the relative temperature co
efficients of ISC and VOC; rs is the internal series resistance at 25 ◦C and κ 

is the curve correction factor. rs and κ are the pre-determined correction 
coefficients, which can be calculated using a group of simulated or 
measured I–V curves at the same G or same Tm [17]. 

Since STC is generally the preferred condition for I–V curve-based 
analysis, if not specified otherwise, the I–V curve correction refers to 
the adjustment to the STC, where G2 = 1000W/m2 and Tm2 = 25◦C. 

2.2.2. Procedure 2 (P2) 

I2 = I1
G2

G1

(1 + αrel(Tm2 − 25))
(1 + αrel(Tm1 − 25))

(4)  

V2 =V1 − rs1(I2 − I1) − κI2(Tm2 − Tm1)

+VOC1

{

βrel[f (G2)(Tm2 − 25) − f (G1)(Tm1 − 25)] +
1

f (G2)
−

1
f (G1)

} (5)  

f (G) = B2 ln2(1000/G) + B1 ln(1000/G) + 1 (6)  

rs1 = rs + κ(Tm1 − 25) (7)  

where, VOC1 refers to the open-circuit voltage of the curve before 
correction; f(G) is a quadratic irradiance-dependent factor accounting 
for the diode ideality factor. B1 and B2 are the irradiance correction 
factors. rs1 is the internal series resistance at the measured Tm1. Similar 
to P1, rs, κ, B1, and B2 are the pre-determined correction coefficients, 
which are calculated from a group of I–V curves at the same G or same 
Tm [17]. 

2.2.3. Procedure 4 (P4) 
Procedure 4 is free of the pre-determined correction coefficients (like 

rs, κ, B1, and B2) required in P1 and P2. Instead, it determines the 
correction coefficient rs from the high-voltage region of the measured 
I–V curve [17]. 

I′
1 = I1 + Isc(G2 /G1 − 1)(7) (8)  

V′
1 =V1 − rs

(
I′

1 − I1
)

(9)  

I2 = I′
1 + αrel × ISTC

sc × (Tm2 − Tm1) (10)  

V2 = V′
1 + (Tm2 − Tm1)

/
Tm1 ×

(
V′

1 − Ns × ε
)

(11)  

where, ε is a device-dependent constant, representing the product of 
ideality factor with the bandgap of the photovoltaic material and 
divided by the electron’s elementary charge; The default value of ε is 
1.232 V for mono-Si modules [17]; Ns is the number of cells of the 
module. 

For I–V curves measured at low irradiance (<400 W/m2), the cor
rected curves using P1 or P4 may not be complete, i.e., part of the I–V 
curve between maximum power point and VOC point is missing [17]. To 
obtain complete corrected I–V curves, following the suggestion from the 
IEC60891:2021 [17], the original I–V curves are extended to make the 
maximum curve’s voltage higher than VOC by either simulation or 
fitting, with the details provided in Section C of SI. 

2.2.4. Proposed procedure (Pdynamic) 
Our previous research has identified that Procedure 2 in the IEC 

60891:2021 standard is a promising correction method except under 
degradation conditions [47]. This is because the correction coefficients 
do not reflect the PV module’s current health condition. To address this 
issue, we propose a new correction procedure based on Procedure 2. 
This new procedure introduces two correction coefficients dynamically 
determined from the I–V curve, considering Rs and Rsh degradation. As a 
result, it can effectively correct the I–V curves for healthy and degraded 
PV modules. The equations for current and voltage translation are pro
vided in (12-17), while the main differences with Procedure 2 are 
highlighted in bold. These modifications are deliberately made to ensure 

Fig. 2. Single-diode PV cell model.  

Table 1 
Parameter setting for the Healthy, Rs, and Rsh degradation.  

Condition Rs degra (Ω) Rsh degra (Ω) 

Healthy 10–5 105 

Rs degradation [10− 5 – 2] 105 

Rsh degradation 10–5 [15–105]  

B. Li et al.                                                                                                                                                                                                                                        
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the correction procedure can cope with degraded conditions, as 
explained below. 

I′
1 = I1 + V1

/
Rsh degra (12)  

I′
2 = I′

1
G2

G1

(1 + αrel(Tm2 − 25))
(1 + αrel(Tm1 − 25))

(13)  

V2 =V1 − Rs1
(
I′

2 − I′
1
)
− κI′

2(Tm2 − Tm1)

+VOC1

{

βrel[f (G2)(Tm2 − 25) − f (G1)(Tm1 − 25)] +
1

f (G2)
−

1
f (G1)

} (14)  

f (G) = B2 ln2(1000/G) + B1 ln(1000/G) + 1 (15)  

Rs1 = Rs degra + κ(Tm1 − 25) (16)  

I2 = I′
2 − V2

/
Rsh degra (17)  

where, Rs and Rsh are the correction coefficients extracted from the I–V 
curve to correct, reflecting the PV module degradation condition. To be 
specific, the equivalent circuit of a PV module under Rsh degradation can 
be expressed by connecting an extra resistance Rsh degra in parallel to a 
healthy module, as illustrated in Fig. 4. Under Rsh degradation, if the 
measured V1 and I1 are used as inputs of the original IEC 60891:2021 
correction procedures (e.g., P1, P2, P4), the correction performance will 
be inevitably impacted as these procedures do not consider Rsh degra in 
their equations. This impact will become more significant when Rsh degra 

is not negligible. Correction results under this condition will be detailed 
later in Section 3. Nevertheless, it is worth noting that I′1, the output 
current of the healthy module, unlike I1, is not affected by the degra
dation of Rsh degra, as shown in Fig. 4 (a). Consequently, the pair V1 and I′1 
can be used as inputs of the correction procedures developed for the PV 
module under healthy conditions. 

Specifically, to perform the correction under Rsh degradation, the 
first step is to use the pair (V1, I′1) (expressed in (12)) is used as input to 
the correction procedure to obtain corrected V2 and I′2. Then, the final I2 

is calculated by adding the current affected by Rsh degra as shown in Fig. 4 
(b) and expressed in (17). 

To consider Rs degradation in the correction, the process is simpler 
since there is a correction coefficient rs in the original P2. However, in 
contrast to rs in P1 or P2, which is a constant value for I–V curves 
measured under any environmental condition, in Pdynamic, Rs degra is 
determined from the I–V curve to correct, hence reflecting the degra
dation effect. 

To perform the correction, Pdynamic requires determining the 
correction coefficients Rs degra and Rsh degra from the measured I–V curve. 
This paper adopts the Sandia method [54], which is lightweight and has 
shown reliable performance for various PV technologies (including 
mono-Si, thin film, and CdTe). Furthermore, after a comprehensive test 
with varying reference values of Rs degra and Rsh degra, the Sandia method 
consistently provides accurate estimates of Rs degra and Rsh degra regard
less of the variation (detailed in Section D of SI). Therefore, it is selected 
to determine the dynamic correction coefficients from the measured I–V 
curve for Pdynamic. 

To avoid using additional field I–V curves at same G or same Tm as 
required in P2, the rest coefficients of Pdynamic (κ, B1, and B2) are set 
constant values, which are determined from the I–V curves generated 
based on the datasheet information. 

2.3. Metric for the evaluation of correction performance 

To quantify the discrepancy between the corrected and reference I–V 
curve, the error of area (Earea) [55] is computed, as indicated in (18). 

Earea =

⃒
⃒
⃒
⃒
Aerror

Aref

⃒
⃒
⃒
⃒× 100 % (18) 

Fig. 3. Examples of I–V curves under Healthy, Rs, and Rsh degradation at STC.  

Fig. 4. Equivalent model of PV module under Rsh degradation.  

B. Li et al.                                                                                                                                                                                                                                        
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Where Aref is the area under the reference curve, and Aerror the differ
ence between the area under the corrected curve and Aref (directly 
simulated at STC). An example to illustrate the Earea is given in Fig. 5. 

3. Correction performance 

The I–V curve correction performance can be impacted by the 
environmental condition (irradiance and temperature) and the degra
dation severity. Consequently, this section performs an independent 
evaluation of these factors’ effects. Here, we compare the I–V curve 
correction performance for each method across a wide range of irradi
ance and temperature conditions, for healthy and degraded modules, 
where degradation involves increased series resistance, decreased shunt 
resistance, or both. Section 3.1 explores the effects of G and Tm on the 
correction performance. Section 3.2 further evaluates the correction 
performance under realistic environmental conditions based on the four 
seasons. Section 3.3 investigates the impact of the PV module degra
dation severity on the correction performance. 

3.1. Impact of G and Tm 

To examine the influence of G and Tm, G varies from 200 to 1200 W/ 
m2 in increments of 100 W/m2 and Tm ranges from 10 to 70 ◦C in in
crements of 10 ◦C. Four module conditions are addressed, healthy, Rs, 
Rsh, and both Rs& Rsh degradation. The degradation severities are set 
with Rs degra = 1 Ω and Rsh degra = 20 Ω for Rs and Rsh degradation con
dition, respectively. These values are determined based on the module 
internal resistances (presented in Table S2 of SI). The I–V curves 
generated under these environmental settings and the four module 
conditions are corrected to STC using P1, P2, P4, and Pdynamic. The 
heatmaps of the correction area error are depicted in Figs. 6–10, 
respectively. The color bar of the heatmap is standardized to ease the 
comparison. To better illustrate the correction performance, we also 
display some examples of the corrected curves whose parameters G and 
Tm are distributed along the diagonal of the heatmap. 

3.1.1. PV module under healthy condition 
Based on the heatmap, P2 and Pdynamic with a lower Earea, exhibit 

similar and better correction performance compared to P1 and P4, 
especially under low G and high Tm. This is also reflected in the cor
rected I–V curves shown in Fig. 6(b), where the corrected-to-STC curves 
match better with the reference one (directly simulated at STC). For a 

healthy PV module, the coefficient Rs degra used in Pdynamic is close to the 
coefficient rs in P2 and the impact of coefficient Rsh degra is negligible. 
Hence, P2 (expressed in (4-7)) and Pdynamic (in (12-17)) are almost 
identical, resulting in comparable correction results. 

The impact of G and Tm on the correction Earea varies across the 
procedures. P1 shows greater sensitivity to changes in G, whereas P4 is 
more strongly influenced by variations in Tm. However, for all proced
ures, the correction Earea tends to decrease as G and Tm are close to STC. 

3.1.2. PV module under Rs degradation 
Next, we examine the Rs degradation. For P1 and P2, based on the 

standard [17], the determination of the correction coefficients rs, κ, B1, 
and B2 requires a group of measured I–V curves at the same G or same 
Tm. However, this is hard to fulfill in the field, especially for the fixed or 
operational PV modules [19]. Thus, we investigate two cases here:  

• Case 1: the groups of degraded I–V curves at the same G or same Tm 
are available. In the simulation, since the extra Rs degra is known (1Ω), 
we can simulate these two groups of degraded I–V curves to obtain 
these coefficients for P1 and P2. The corresponding correction results 
are shown in Fig. 7.  

• Case 2: the groups of degraded I–V curves at the same G or same Tm 
are unavailable. In this case, the coefficients for P1 and P2 are ob
tained from the I–V curves generated based on the datasheet infor
mation of the PV module. The results are given in Fig. 8. 

In Case 1, as depicted in Fig. 7, P1, P2, and Pdynamic demonstrate 
similar excellent performance (mean Earea <0.5%). Nonetheless, it is 
important to highlight that both P1 and P2 require additional I–V curves 
to determine rs coefficient. In contrast, both P4 and Pdynamic operate 
without the need for extra measurements. Instead, they dynamically 
estimate Rs from the measured I–V curve. However, P4 underperforms 
Pdynamic due to the simplified equations where the temperature coeffi
cient βrel are omitted. 

As for Case 2, it is observed from Fig. 8 that, in the absence of 
additional I–V curves to derive rs coefficient, P1 and P2 can no longer 
produce the effective correction as in Fig. 7. Instead, they cause signif
icant Earea to the corrected I–V curves (Earea > 5% and up to 31.7%), 
particularly around the maximum power point (MPP) region. Further
more, this distortion becomes more pronounced as G deviates from the 
STC value (1000 W/m2). 

By comparing the results of Case 1 (Fig. 7) and Case 2 (Fig. 8), it 
becomes evident that the utilization of P1 and P2 necessitates a trade-off 
between the accuracy of correction and the complexity of the correction 
process (including the utilization of additional measurements or lack 
thereof). In the following simulation evaluations, the scenario with a 
better performance, i.e., Case 1, is adopted for P1 and P2. 

3.1.3. PV module under Rsh degradation 
Regarding the Rsh degradation, none of the IEC 60891:2021 standard 

methods perform well. Large correction distortions are observed with P2 
near the MPP region, and with P1 and P4 near the short-circuit point. 
This is due to the absence of a correction coefficient that accounts for Rsh 
in all these procedures. Comparatively, by estimating the actual Rsh from 
the measured I–V curve, and incorporating it into the correction pro
cedure, Pdynamic can effectively produce corrected curves that closely 
match the reference curves, regardless the variations in G and Tm. 

3.1.4. PV module under both Rs and Rsh degradation 
We further explore the combined degradation of both Rs and Rsh 

degradation. For P1 and P2, the groups of degraded I–V curves at the 
same G or same Tm are provided by simulation as in Case 1 of Section 
3.1.2 for P1 and P2 to extract correction coefficients. Conversely, P4 and 
Pdynamic do not necessitate these extra I–V curves. 

When both Rs and Rsh degradation occur, the heatmap and the cor
Fig. 5. Illustration of Aerror and Aref used to calculate Earea.  
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rected I–V curves exhibit as a combination of the results shown in Figs. 7 
and 9. Pdynamic still outperforms the other methods even without addi
tional I–V curves as it includes both dynamic correction coefficients 
(Rs degra and Rsh degra), which effectively reflect the degradation effects. 

3.2. Impact of seasons 

For field-measured I–V curves, not all the points in the G-Tm plane 
presented in Section 3.1 will be reached in practice. Therefore, to 
consider the correction performance of the procedures under realistic 
conditions, the G and Tm used to generate the I–V curves are determined 
based on field measurements of one mono-Si PV module in a whole year. 

Fig. 6. (a) Heatmap for the area error of the correction of I–V curves under the healthy condition using P1, P2, P4, and Pdynamic (gray points represent the G and Tm of 
I–V curves shown below); (b) Examples of corrected I–V curves, whose parameters G and Tm are distributed along the diagonal of the heatmap in (a). It is shown that 
P2 and Pdynamic show overall better correction performance than P1 and P4.(For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 7. (a) Heatmap for the area error of the correction of I–V curves under the Rs degradation using P1, P2 (with additional I–V curves), P4, and Pdynamic (gray points 
represent the G and Tm of I–V curves shown below); (b) Examples of corrected I–V curves whose parameters G and Tm are distributed along the diagonal of the 
heatmap in (a). P2 and Pdynamic exhibit similar good performance but P1 and P2 require additional I–V curves to obtain rs coefficient.(For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. (a) Heatmap for the area error of the correction of I–V curves under the Rs degradation using P1 and P2 (without additional I–V curves, gray points represent 
the G and Tm of I–V curves shown below); (b) Examples of corrected I–V curves whose parameters G and Tm are distributed along the diagonal of the heatmap in (a). 
Without additional I–V curves to obtain rs coefficient, P1 and P2 could introduce large distortion (Earea up to 31.7%) to the corrected curves.(For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. (a) Heatmap representing Earea of the corrected I–V curves under Rsh degradation using P1, P2, P4, and Pdynamic (gray points represent the G and Tm of I–V 
curves shown below; results with G < 400 W/m2 are not displayed due to largely-distorted or invalid correction with examples shown in Section E of SI); (b) 
Examples of corrected I–V curves, whose parameters G and Tm are distributed along the diagonal of the heatmap in (a). Pdynamic clearly outperforms other correction 
procedures when the module is under Rsh degradation.(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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The data are split into four seasons, with details are provided in Section 
F of SI. Using P1, P2, P4, and Pdynamic, the mean Earea of all the corrected 
curves is presented in Fig. 11 as a function of seasons. 

Overall, the Earea using the spring and fall I–V curves are similar due 
to the similar distributions of G and Tm, as presented in Fig. S5. Under 
the healthy condition, P2, P4, and Pdynamic exhibit similar trends with a 
higher correction error in summer. Conversely for P1, the error is larger 
in winter. These discrepancies are caused by the difference in G and Tm 
of the I–V curves across the four seasons (Fig. S5), and the sensitivity of 
each procedure to G and Tm (as depicted in the heat maps from 
Figs. 6–10). For example, the Earea of Pdynamic is more sensitive to Tm. 
Thus, the correction error gradually decreases from summer to winter. 
Consistent with the findings in Fig. 6, Pdynamic and P2 exhibit similar and 
better performance compared to P1 and P4 under healthy and Rs 
degradation. Regarding Rsh and combined Rs& Rsh degradation, Pdynamic 
outperforms all other methods in all seasons. 

Across the four seasons, the average Earea is 0.8% for P1, 1.9% for P2, 
1.2% for P4, but only 0.27% for Pdynamic. Note that the excellent per
formance of Pdynamic do not need additional measurements as P1 and P2. 
This demonstrates the effectiveness of the proposed Pdynamic procedure 
for correcting I–V curves in the presence of faults, and under realistic 
environmental conditions throughout the year. 

3.3. Impact of degradation severity 

Sections 3.1 and 3.2 focus on the impact of the environmental pa
rameters with a constant Rs and Rsh degradation level. In this subsection, 
the degradation levels are varied in the following ranges: [10− 5 - 2] Ω for 
Rs degra and [105 - 10] Ω for Rsh degra. The irradiance and temperature 
module are extracted from the same field measurements as in Section 
3.2 to cover all four seasons. Using P1, P2, P4, and Pdynamic, Earea 

Fig. 10. (a) Heatmap representing Earea of the corrected I–V curves under both Rs and Rsh degradation using P1, P2 (with additional I–V curves), P4, and Pdynamic 

(gray points represent the G and Tm of I–V curves shown below; results with G < 400 W/m2 are not displayed due to largely-distorted or invalid correction with 
examples shown in Section C of SI); (b) Examples of corrected I–V curves, whose parameters G and Tm are distributed along the diagonal of the heatmap in (a). 
Pdynamic still outperforms other correction procedures when both types of degradation are present.(For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 11. Earea of corrected I–V curves in 4 seasons using P1, P2 (with additional I–V curves), P4, and Pdynamic (the dotted line is the mean error in one season while the 
region refers to the standard deviation). Pdynamic exhibits an overall superior correction performance compared to the other procedures. Besides, Pdynamic is the least 
sensitive to the seasonal effects under Rs, Rsh, and combined Rs& Rsh degradation. 

B. Li et al.                                                                                                                                                                                                                                        



Renewable Energy 224 (2024) 120108

9

calculated from the corrected curves are presented in Fig. 12 as a 
function of the degradation severity. 

Regarding Rs degradation, it is noted that Earea of P4 increases quasi 
linearly with Rs degradation. While P1, P2 (with additional I–V curves), 
and Pdynamic demonstrate similar and stable performance (Earea <1%). As 
for Rsh degradation, all procedures from the IEC standard (P1, P2, and 
P4) exhibit poor performance, especially with decreasing Rsh degra. In 
contrast, Pdynamic displays excellent and robust correction performance. 

In summary, due to the introduction of dynamically determined 
correction coefficients accounting for the two types of degradation, 
Pdynamic can accurately correct the I–V curves of degraded PV modules 
without additional measurements even when subjected to variations in 
the degradation severity. 

4. Preliminary field test of correction procedures 

The results presented in Section 3 are based on simulated I–V curves. 
In this section, field-data are used to evaluate the four procedures (the 
three IEC standard procedures and the proposed Pdynamic). 

4.1. Configuration of in-field I–V curve measurement 

The field test bench is located at the SIRTA Atmospheric Research 
Observatory [56] in Gif-sur-Yvette, France (climate zone T3:H4 based on 
PVCZ classification [57]), with the configuration illustrated in Fig. 13 
(a). A mono-Si type PV module (CanadianSolar CS3K-310) is employed, 
while a reference cell located in the same plane as the module measures 
the irradiance. The temperature of the module is recorded using a 
temperature sensor (Pt100) glued to the backsheet of the module. The 
I–V curves are measured by connecting the module with a program
mable variable load with examples presented in Fig. 13 (b). 

4.2. Limits of the field test 

It is difficult to make an unbiased assessment of the correction per

formance of the four procedures using the I–V curves in the field. This is 
mainly due to two reasons: 1) there is always a measurement uncertainty 
in the I–V curves, irradiance, and temperature, which could be up to 5% 
despite routine calibration [48]. In some cases, these uncertainties can 
exceed the error caused by the correction procedure, such as under 
healthy conditions. 2) There is a lack of reference curves measured at 
STC, particularly when the module is configured under different Rs and 
Rsh degradation. Despite these limitations, it is still possible to apply 
these correction procedures. Indeed, the results will allow a relative 
comparison of the four procedures. 

4.3. Correction results 

To demonstrate the I–V curve correction using P1, P2, P4, and Pdy

namic, eighteen I–V curves (G-Tm information listed in Table S3) 
measured under three module conditions are selected: 1) original (here, 
we no longer name this condition as ‘healthy’ since the PV module has 
been in operation for years), 2) Rs degradation (connecting a high-power 
resistance of 0.5/1/2Ω in series with the module), and 3) Rsh degrada
tion (connecting a high-power resistance of 30/50/200 Ω in parallel 
with the module). The corrected and reference curves are plotted in 
Fig. 14. Due to the lack of measured curves at STC, the reference curves 
are generated by simulation (based on the model in Fig. 1) and setting 
the extra resistances at the same values used in the field. 

It should be noted that, for P1 and P2, due to the fixed installation of 
the module on a tracking rack, we were unable to remove it to record 
additional I–V curves at constant module temperature or irradiance to 
determine the correction coefficients. These coefficients are thus ob
tained from the I–V curves generated based on the datasheet information 
of the PV module as discussed in Case 2 of Section 3.1.2. 

When the module is in its original condition, all four procedures 
demonstrate effective correction (Fig. 13 (a)) with a mean Earea below 
1.2%. It may be noticed that these errors are larger than those obtained 
from the simulation test, for example, the four seasons results in Fig. 11. 
This is due to the measurement uncertainties, and the unknown health 
status of the PV module that prevents from generating an accurate 
reference curve, as explained in Section 4.2. 

For Rs degradation (Fig. 13 (b)), when there are no additional I–V 
curves at constant G and Tm, consistent with the results observed in the 
simulated data (Fig. 8), P1 and P2 could introduce significant disparity 
between the corrected and reference curves. Comparatively, the cor
rected curves using Pdynamic exhibit better agreement as it uses the dy
namic coefficient that captures the actual degradation degree. It may be 
noted that there is still a minor discrepancy between the corrected and 
reference curves for Pdynamic, suggesting that the PV module has 
already undergone some degree of Rs degradation after years of in-field 
operation. 

Regarding Rsh degradation (Fig. 13 (c)), the corrected curves using 
P2 and the high-voltage part using P4 exhibit significant mismatch to the 

Fig. 12. Earea of corrected I–V curves with varying degradation severity. Pdy

namic is robust to the variation of both types of degradation. 

Fig. 13. (a) Configuration of field PV module measurement in SIRTA France. Rs and Rsh degradation conditions are set by connecting an additional high-voltage 
resistance to the module in series or parallel, respectively. (b) Examples of measured I–V curves when the PV module is under original condition, Rs degrada
tion, and Rsh degradation. 
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reference curves. P1 and Pdynamic achieves similar results with Pdynamic 
showing a lower error. In summary, across both types of degradation 
scenarios, Pdynamic consistently outperforms all other procedures 
without the use of any additional measurement. 

5. Discussion 

In IEC 60891:2021 [17], an overview is given on the pros and cons of 
Procedure 1, 2, and 4 when the PV module is under healthy condition. 
The major points and the additional findings based on this paper’s 
research (especially when the PV module is degraded and the compar
ison with the proposed Pdynamic) are summarized in Table 2. 

Alongside its remarkable advantages, the proposed Pdynamic proced
ure also presents certain challenges. Firstly, although the key correction 
coefficients (Rs degra and Rsh degra) are dynamically determined, the rest 
ones (κ, B1, and B2) are set constant values, which are determined from 
the I–V curves generated based on the datasheet information. Thus, 
these coefficients may not fully adapt to field values, particularly for PV 
modules that have been in operation for several years. Secondly, Pdynamic 
hinges on the Sandia_simple method [54] to extract Rs degra and Rsh degra 

from the measured I–V curve. However, under certain extreme condi
tions, such as low G (lower than 300 W/m2), it may fail to extract the 
parameters, although such I–V curves are generally unsuitable for 

assessing the PV module condition. 
Despite the challenges, there are also some interesting points to 

further explore for the I–V curve correction: 1) the determination 
method of correction coefficients provided in the IEC 60891:2021 
standard has strict requirements on G and Tm for measuring the I–V 
curves, which is hard to fulfill in the field, especially for PV modules in 
operation. Simplified methods (applicable to field PV modules) to 
determine these correction coefficients are expected; 2) Regarding the 
data, all the presented procedures in this paper use a full I–V curve. It is 
possible to use partially the I–V curve that is of interest for correction 
[58], such as the region near the maximum power point, open-circuit 
voltage, or short-circuit current. This would efficiently reduce the time 
and complexity required to record a full I–V curve; 3) There is a need to 
investigate the robustness of the correction procedures to the presence of 
noise in the field-measured I–V data, which may not be as smooth as 
indoor measurements due to weather fluctuations. 

To facilitate the implementation, an open-source Python-based tool 
for this procedure (https://github.com/DuraMAT/IVcorrection) is 
developed, with the details presented in Section G of SI. 

6. Conclusion 

This paper presents a robust I–V curve correction procedure (denoted 

Fig. 14. Corrected field I–V curves under (a) original, (b) Rs degradation, and (c) Rsh degradation using P1, P2 (without additional I–V curves), P4, and Pdynamic. The 
reference curves are simulated based on the module datasheet information and the additional resistance (for Rs or Rsh degradation). It is shown that the corrected 
curves using Pdynamic match better with the reference ones compared to the other procedures, even if the PV module suffers from different degradation levels. 
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as Pdynamic) suitable for healthy or degraded PV modules. Unlike tradi
tional methods that use constant correction coefficients, Pdynamic 
dynamically derives the coefficients from the measured I–V curves, 
allowing the actual health status of the PV module to be considered. The 
results demonstrate that Pdynamic outperforms the procedures outlined in 
the IEC60891:2021 standard, particularly in cases of module degrada
tion, achieving an average correction error of 0.27%, compared to 
Procedure 1 (1.9%), Procedure 2 (1.2%), and Procedure 4 (0.8%). 
Furthermore, Pdynamic exhibits robustness to the seasonal and degrada
tion severity variations. Preliminary field tests using experimental I–V 
curves also validated its effectiveness. Finally, an open-source Python- 
based tool for this procedure is developed. Future works may include 
improving the robustness of the dynamic coefficient extraction, inves
tigating the impact of measurement uncertainties on the correction 
performance, and exploring the usage of partial I–V curves for 
correction. 
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