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1. Introduction
Photovoltaic (PV) cells are commonly connected in series within a PV module to safeguard them from damage and 
achieve the necessary voltage. This is necessary as the voltage output of a single PV cell is usually insufficient on 
its own. By connecting multiple cells in series, the voltage can be raised to a level suitable for various applications. 
Moreover, wiring cells in series aids in protecting individual cells from potential harm caused by abnormal operating 
conditions, such as overloading and overheating (Aktaş and Kirçiçek, 2021; Nehme et al., 2021).

The current–voltage (I–V) characteristic of a PV cell resembles that of a Shockley diode, which can operate 
in three quadrants of the I–V curve plotted on a Cartesian plane, as shown in Figure 1 (Häberlin, 2012). These 
quadrants are follows: The first quadrant (QI) or forward bias, where the current flows from the anode to the 
cathode (V > 0 and I > 0). This is the normal operating mode for a PV cell, where energy is generated. The second 
quadrant (QII) or reverse bias region, where the current flows from the cathode to the anode (V < 0 and I > 0). This 
mode is not normally used for PV cells, but it can occur if the cell is reverse biased and absorbs energy rather than 
outputting it. The third quadrant (QIII), which represents the reverse direction of the PV cell, is generally not relevant 
for its normal operation. The fourth quadrant (QIV) or breakdown, where the current increases rapidly with a small 
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increase in voltage. This mode is not normally used for PV cells, but it can occur if the cell is reverse biased too 
strongly.

The forward bias I–V characteristic curve is essentially a graphical representation in the first power quadrant 
(QI) illustrating the operation of any PV device, such as a PV cell or module, as a DC generator. It summarises the 
correlation between the output current and output voltage at a given solar irradiance and temperature. It extends 
from the short-circuit current (Isc) to the open-circuit voltage (Voc), which for crystalline PV cells is typically 
around 0.6V. Reference I–V curves, determined for specified operating conditions (standard test conditions [STC]: 
1,000W/m², 25°C, solar spectrum AM1.5), are typically provided by manufacturers. In general, the forward bias I–V 
characteristic curve is a valuable tool for understanding the performance of PV devices. It can be used to identify 
a PV device, to determine its key performance parameters, such as the open-circuit voltage (Voc), the short-circuit 
current (Isc), and the current and voltage at the maximum power point (Vm, Im), and to optimise its operation.

Regarding the second quadrant (QII), reverse-bias characteristics are often ignored since PV cells are not 
designed to operate in the reverse-biased region, and doing so can damage the cell (Kim et al., 2013). However, 
if any malfunction occurs, such as during shading, a PV cell will not be able to generate electricity. Instead, it can 
still be operated in the second quadrant that has a much more extensive characteristic limited by the breakdown 
voltage (Vbr). This is because the shaded cell can potentially reverse its polarity and act as a load, consuming 
the energy generated by the other cells in the module. In addition, for a high voltage whose value is around the 
avalanche zone of a cell, it can carry a current that exceeds its short-circuit current and can theoretically reach an 
infinite value. This can lead to the shaded cell heating up and eventually being destroyed. This phenomenon is 
called the hot spot effect. Therefore, it is important to consider reverse-bias characteristics when designing and 
operating PV systems.PV devices are typically modelled based on their forward-biased characteristics. The most 
common classic models include the single-diode model (SDM) and the double-diode model (DDM), which are fully 
detailed in the next section. In these models, all unknown parameters can be extracted from the manufacturer’s 
datasheet or measured data. However, these classic models are not conclusive for handling cell shading issues and 
various other faults. Specifically, they lack reverse-bias characteristics. Solar cell vendors typically do not provide 
manufacturing and technical material data regarding solar cell operation in the second power quadrant, making 
such information unavailable to the public (Petrone et al., 2017). Hence, to fully examine PV cell behaviour under 
normal environmental conditions, including mismatch phenomena and various faults, it is necessary to analyse the 
complete characteristic curves of actual PV cells, extending from Voc to the breakdown voltage Vbr. Consequently, 
classic models had to be extended to encompass the negative section of the PV cell characteristics. In this context, 
several more detailed PV models have been proposed and are described in the literature (Petrone et al., 2017). 

Figure 1. Forward and reverse bias I–V characteristics of a PV cell showing all the working regions. PV, photovoltaic.
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Unfortunately, essential parameters required to adjust PV cell models, particularly those pertaining to reverse-bias 
characteristics like breakdown voltage, are not provided in the manufacturers’ datasheets. This omission presents 
a substantial challenge, as it restricts the ability to acquire comprehensive and accurate information required for a 
thorough analysis of devices behaviour in the second quadrant (QII). Consequently, limitations in understanding 
reverse-bias characteristics can lead to inaccurate performance predictions and suboptimal design of PV systems, 
especially under real-world conditions involving partial shading or another mismatch (Hurkx, 1992; Subramanian 
and Darling, 2001).

To address this issue, our research introduces a simple and an indirect method for measuring the reverse 
I–V characteristics of individual PV cells as part of PV module without the need to dissociate them from the PV 
module encapsulants. This is can be achieved by utilising commercially available I–V tracers. The process involves 
measuring outdoor the I–V curve of a fully illuminated PV module and the I–V curve of a module with only one fully 
shaded cell (PV cell in dark). From these curves, the reverse I–V curve might be obtained. This technique offers a 
convenient and nondestructive method for reverse-bias measurement of individual PV cells within a module while 
maintaining the integrity of the encapsulation and promises cost savings.

This paper is organised as follows: Section 2 provides insight into the available mathematical models describing 
the behaviour of PV cells in the first quadrant, along with their implicit and explicit forms. Section 3 is devoted to the 
models commonly used to describe the behaviour of cells operating in the second quadrant, as well as their relevant 
parameters. In Section 4, the basic concept and principle of the proposed method for measuring the reverse bias 
I–V curve are proposed. Finally, the experimental validation and discussion of the results obtained will be presented 
in Section 5.

2. Classic Models of PV Cells
As aforementioned, there are two classic models commonly employed to describe the behaviour of direct current in 
the forward bias region (or first quadrant: QI). These models are the SDM and the DDM.

The SDM, also known as a five-parameter model, is the most widespread model used for PV cells and 
PV modules due to its low complexity and good accuracy in the power-generating quadrant (QI). Due to its 
simplicity in use on one hand and often acceptable accuracy on the other hand, the SDM has been widely used 
to study the behaviour of PV sources under various weather conditions, including both uniform irradiance and 
nonuniform distributions, such as partial shading (Bastidas et al., 2013; Drif et al., 2021; Gallardo-Saavedra 
and Karlsson, 2018; Kadri et al., 2012; Karatepe et al., 2007; Patel and Agarwal, 2008; Petrone and Ramos, 
2011; Petrone et al., 2007; Ramabadran, 2009; Samer et al., 2012; Villalva et al., 2009; Wang and Hsu, 2009; 
Wei et al., 2012).

Similarly, the DDM, also known as the seven-parameters model, offers a good compromise between complexity 
and accuracy. Using this model, higher precision can be achieved. In this regard, several research works have been 
reported in the literature, focusing on calculating the current–voltage characteristic and the output power of a PV 
generator at different levels of granularity and in the presence of shading phenomena, among others (Babu et al., 
2015; Duong et al., 2017; Gbadega Peter and Saha, 2019; Ishaque and Salam, 2013; Ishaque et al., 2011; Kermadi 
et al., 2020; Kreft et al., 2021; Moreira et al., 2021; Paraskevadaki et al., 2011; Rathee, 2013; Varshney et al., 2016; 
Yin and Babu, 2018).

In the following sections, we will present the mathematical expressions governing SDM and DDM models in both 
their implicit and explicit forms.

2.1.  Implicit form I = f (V, I)
According to their electrical equivalent circuits depicted previously in Figures 2a and 2b, the SDM and DDM are well 
known as the single exponential model and the double exponential model, respectively. Their expressions can be 
summarised by the implicit function given in Eq. (1). To use the single exponential model, set (i = 1), and to use the 
double exponential model, set (i = 2).
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In this equation , , , ,ph s sh oiI R R I  and iA  are the parameters of the model that are related to the internal properties 
of the PV cell. They denote, respectively, the light-generated current (or photocurrent), the series resistance, the 
shunt resistance, the reverse saturation current of diode, and the ideality factor. The rest of the known parameters 
are the Boltzmann constant (k = 1.3806503 × 10−23 J/K), the electron charge (q = 1.60217646 × 10−19 C), and the 
temperature of junction in Kelvin. It is worth noting that the SDM contains five undetermined parameters, namely, 

, , , ph s sh oiI R R I , and A, while the DDM includes seven undetermined parameters, i.e., , , , ph s sh oiI R R I , 1A  and 2A . To further 
simplify the DDM, several researchers have considered that 1( 1)A =  and ( )2 2A = , which leads to a decrease in the 
number of parameters to 5.

2.2.  Explicit forms I = f (V) and V = g(I)
Due to the transcendental and implicit nature of the I–V equations describing the classic models (SDM and DDM), 
another modelling method directly addresses the problem of solving the transcendental I–V equation in a quite 
original way. Instead of using numerical approximation, this method employs a rather special mathematical function 
called the Lambert W function (or simply the W function). By employing this approach, we circumvent the need to 
solve the transcendental I–V equations directly. This is achieved by analytically solving their explicit forms, which 
express the current as a function of voltage ( )( )I f V=  and its inverse ( )( )V g I= . To reduce the complexity of the 
SDM and DDM models (as shown in Eq. (1)), approximations are introduced, leading to the simplified equations 
presented in Eqs. (2)–(5) (Batzelis et al., 2014; Batzelis et al., 2020; Ćalasan et al., 2020; Jain and Kapoor, 2004; 
Jain et al., 2006; Lun et al., 2015; Ortiz-Conde and Sánchez, 2005; Peng et al., 2013; Petrone et al., 2007; Picault 
et al., 2010; Roibás-millán et al., 2020; Tripathy et al., 2017).

The SDM, in its explicit form, is given by Eqs. (2) and (3), which express the current as a function of voltage 
( )( )I f V=  or the voltage as a function of current ( )V g I=  as follows:
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Regarding the DDM in its explicit form, it is represented by Eqs. (4) and (5) ( )( )I f V=  or ( )( )V g I=  as follows:
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Where , , , ph s sh oiI R R I  and iA  (for 1,2i = ) have their conventional meanings.

(a) 

SDM 
 

(b) DDM 

 
Figure 2. Classic equivalent-circuits models of a PV cell.  a) Single Diode Model (SDM), b) Double Diode Model (DDM). 
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3. Extended Models of PV Cells
As previously mentioned, the classic models are established to describe only the I–V characteristic in the first 
quadrant, which makes them insufficient to handle problems such as shade on cells, hotspot, etc. To address this 
limitation, some scholars developed and enhanced the SDM and the DDM models by introducing an extension 
term that describes the behaviour in the second quadrant, i.e., at reverse-bias voltages. In this context, several 
equations have been proposed in the literature to simulate the behaviour of PV cells in both the forward- and 
reverse-bias regions. Many of these equations stem from the conventional I–V equation in the forward region, 
modified to introduce avalanche effects. The main contributions, presented in chronological order, are summarised 
in the following sections.

3.1.  Model of Roger
To analyse the mismatch effect that occurs in PV cells under abnormal conditions like cell damage or partial shading, 
Roger and Maguin (1982) proposed a piecewise model. This model is defined by two subfunctions (Eq. (6)) that 
describe the I–V behaviour in different voltage regions. The first subfunction is a simplified version of the SDM that 
neglects the shunt resistance effect. It is used to describe the forward bias region (positive voltage) where sV R I .  
The second subfunction is an empirical equation defined as a quadratic function of the applied voltage. This equation 
accounts for the cell’s behaviour under reverse bias (negative voltage) where sV R I< − .

 ( )2

   exp 1   
  

  

s
ph o s

ph rev s s

V R II I q if V R I
A kTI

I I B V R I if V R I

  − − − > −    =  
 = + + < −
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Where , , , ,ph s sh oiI R R I  and A have their conventional meanings and revB  is a fitting coefficient.

3.2. Model Bishop
To analyse the behaviour of the PV cell in two quadrants, Bishop (1988) proposes an equation in which the avalanche 
breakdown is expressed as a nonlinear multiplication factor that affects the shunt resistance term in the SDM. The 
additional term introduced by Bishop reproduces the high current in the cell during avalanche breakdown at high 
negative voltages. From an electrical point of view, the branch of the cell equivalent circuit containing the shunt 
resistance is completed with a voltage-controlled current source, as shown in Figure 3. Consequently, the complete 
equation becomes:

 Extension term

exp 1  1
   

n

s s s s
ph o

sh sh br
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A kT R R V
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Where , , , ,ph s sh oI R R I  and A have their conventional meanings, brV  is the junction breakdown voltage, a is the 
fraction of ohmic current involved in avalanche breakdown, and n the avalanche breakdown exponent.

In this model, eight parameters should be estimated to reproduce the behaviour of a PV cell using the Bishop 
model: , , , , , , ph s sh o brI R R I A V a and n.

3.3.  Model of Quashning
Quashaning (Quashning and Hanitsch, 1996) followed Bishop’s approach by incorporating the same extension 
term to the DDM model, which accounts for diode breakdown at high negative voltages. The branch of the cell 
equivalent circuit is completed with a voltage-controlled current generator in parallel with the shunt resistance, as 
shown in Figure 4. The representation of this model is provided in Figure 4. Consequently, the PV cell current can 
be expressed as follows:
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In this model, ten parameters should be estimated to reproduce the behaviour of a PV cell using the Quashning 
model: 1 2 1 2, , , , , , , , ph s sh o o brI R R I I A A V a, and n.

4.  Proposed Method for Measuring the Reverse-Bias Characteristic of a PV Cell
4.1. Basic concept of the proposed method
In a series connection of PV cells, as is the case with a PV module, if a single cell is exposed to shade, regardless 
of the amount, the module’s maximum power output is significantly reduced and its characteristic curves are altered. 
This effect is depicted in Figure 5. In such a case, the short-circuit currents remain approximately the same, even 
if the shading rate varies. However, under scenarios of low-shading rates, the current decreases sharply with an 
increase in voltage within the low-voltage region.

On the other hand, Figure 5 illustrates how to determine any point of the module characteristic. The module 
voltage . )(

shmodV  for a given current is the sum of the partially shaded cell voltage ( ).shcellV  and ( )1sn −  times the 
irradiated (or unshaded) cell voltage ( )unshcellV , where ns represents the total number of series-connected cells in a 
PV module (Quashning, 2005). To reconstruct the total module characteristic for the shaded case, we just need 
to calculate the module voltages point by point for different currents, selecting a range of currents from zero to the 
unshaded short-circuit current. This can be accomplished using the equation provided above.

 ( ) ( ) ( ) ( ). 1  
sh sh unshmod cell s cellV I V I n V I= + −  (9)

In the context of PV systems, it is often challenging to directly measure the current–voltage (I–V) characteristic 
of an individual unshaded solar cell integrated within a PV module. Instead, measurements are typically taken for 
the entire PV module, encompassing both shaded and unshaded cells, regardless of whether the module is fully 
illuminated (unshaded) or partially shaded. Therefore, Eq. (10), which relates to this measurement methodology, 
can be adapted to account for the voltages of both the shaded cell and the unshaded module, thereby enhancing 
the accuracy of our analysis.

 
( ) ( ) ( ).
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sh sh unsh

s
mod cell mod
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nV I V I V I
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 −
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Figure 3. Equivalent-circuit of Bishop’s model.

Figure 4. Equivalent-circuits of Quashning’s model.
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Using Eq. (11) (provided below), we can determine the reverse voltage of the shaded cell. This can be achieved 
by subtracting the voltage of the unshaded module from that of the shaded one. This subtraction process allows us 
to isolate and quantify the voltage contribution of the shaded cell within the PV module, providing valuable insights 
into its performance.

 
( ) ( ) ( ). .

1 
sh sh unsh

s
cell mod mod

s

nV I V I V I
n

 −
= −  

 
 (11)

It also should be noted that, as depicted in Figure 5, the partially shaded cell’s reverse I–V curve starts at 
( ) ( )( ), 0, 1 sh scV I I= − ∝ , where sh∝  represents the shading rate (ranging from 0 for a fully illuminated cell to 1 for a fully 
shaded cell) and scI  is the short-circuit current of the unshaded cell. For a fully shaded cell, the starting point is (0, 
0), which defines the dark I–V curve (the specific reverse I–V curve for a fully shaded cell). By fitting the latter curve, 
we can identify the parameters required for the models in the second quadrant (QII).

4.2. Method description
As described in the previous section using Eq. (11), the I–V characteristic of a reverse-biased cell within a PV 
module can be indirectly obtained without disassembling the module. This is achieved by simultaneously measuring 
the voltages of both the shaded and unshaded modules under identical weather conditions (irradiance (G) and 
temperature (T)). The subsequent sections and Figure 6’s flowchart illustrate the measurement procedure using 
this proposed method.

– In the initial step of our procedure, it is necessary to remove the bypass diodes (BPDs) included in the 
junction box of the PV module. It is worth mentioning that commercial PV modules are equipped with BPDs 
to mitigate mismatch effects resulting from partial shading, hotspot heating, manufacturing variances, and 
other factors.

– In the second step, we measure the I–V curve of a fully illuminated (unshaded) PV module for voltage values 
ranging from 0 to the open-circuit voltage (Voc). Simultaneously, under similar irradiance and temperature 
conditions, we measure the I–V characteristic of another identical PV module, similar to the previous one but 
with one cell fully shaded. Here, the shaded cell is covered by a piece of opaque material to ensure complete 
darkness. The voltage range for this measurement also spans from 0 to Voc.

– In the third step, we utilise appropriate software or tools to fit the acquired I–V curve of a fully illuminated PV 
module using either the SDM or the DDM (as described by Eq. (1)). We then record the fitting parameters, 

Figure 5. Construction of the PV module characteristic with one partially shaded cell. PV, photovoltaic.
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Figure 6. Flowchart describing the steps to obtain the I–V characteristic of a PV cell integrated into a module. DDM, double-diode model; PV, 
photovoltaic, SDM, single-diode model.
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including the light-generated current (Iph), the reverse saturation current (Io), the ideality factor (A), the series 
resistance (Rs), and the shunt resistance (Rsh).

– In the fourth step, we construct the vector (I(i), )V (i
shmod ) using the measurement data, where I(i) represents 

the measured current at index i (i = 1,2,3,…n) and Vsh(i) represents the measured shading voltage at index i.
– In the fifth step, we use the fitting parameters to reconstruct the I–V curve for the fully illuminated module 

using the explicit form of either the SDM (Eq. (3)) or DDM (Eq. (5)). This generates the vector ( ( )I i , ( )V i
unshmod ),  

where I(i) is the measured current of the shaded module at index i, and ( )V i
unshmod  is the calculated voltage 

using the chosen model’s equation.
– In this final step, using Eq. (11), we extract the I–V characteristic curve representing the reverse-bias behaviour 

of the shaded cell. This process indirectly yields the desired information about the cell’s performance under 
reverse-bias conditions. Finally, we can employ suitable software tools such as MATLAB, C++, or Origin to 
extract the fitting parameters associated with the Roger, Bishop, and Quashing models.

5. Experimental Validation of the Proposed Method
To confirm and assess the practical feasibility of the proposed method for measuring the reverse bias I–V curve 
of an individual PV cell within a PV module without disassembling it, outdoor measurements (i.e., under natural 
sunlight) were conducted on two identical commercial PV modules. Specifically, these are the Isofoton I-106 PV 
modules, each consisting of 72 monocrystalline silicon cells arranged in series and equipped with 3 BPDs. Their 
parameters are detailed in Table 1, as provided by the manufacturer under STCs.

5.1. Experimental setup and measurement equipment
As previously mentioned, the principle of measuring a reverse-biased cell’s I–V characteristic is quite straightforward. 
Figure 7 illustrates the schematic of the experimental setup and measurement equipment required to perform this 
method. Both modules are exposed to the same normal insolation, with one cell completely covered in the shaded 
module. A current–voltage curve tracer (IVT-12-1000) swiftly switches between the modules via a tripolar switch to 
obtain their I–V curves almost simultaneously. To monitor climatic parameters, a Pt-100 sensor is attached to one 
module’s backskin to measure cell temperature, while a pyranometer measures the incident global irradiance.

To further validate the proposed method, indoor measurements of the reverse bias I–V curve were conducted 
in the laboratory on an extra silicon solar cell identical to those used in the Isofoton I-106 PV module. This curve is 
obtained by connecting the cell to an external variable DC voltage source with opposite polarity. As a useful tool for 
characterising solar cells, the reverse bias I–V curve can be used to validate the proposed method.

5.2. Results and discussion
To evaluate the effectiveness of the proposed method described above, which can allow us to reproduce the I–V 
curve in the second quadrant (reverse bias I–V curve) and consequently determine the inverse parameters relative 
to the Roger, Bishop, and Quashning models, this section presents several cases involving outdoor measurements 
on a commercial PV module. Firstly, we recorded the I–V characteristics for the first quadrant (the forward bias) 

Table 1.  Manufacturer electrical parameters of the Isofoton I-106 PV module at STC (1,000 W/m2; 25°C)

Parameters Value Unit

Maximum power 106 W

Voltage at maximum power 34.80 V

Current at maximum power 3.05 A

Short-circuit current 3.27 A

Open circuit voltage 43.20 V

Diode saturation current 0.24 nA

Diode quality factor 1.011 –

Shunt resistance 3,000 Ω

Series resistance 1.01 Ω

PV, photovoltaic; STC, standard test conditions.
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I-V1 and I-V2o for the unshaded and shaded PV modules under three different conditions of solar irradiance and 
cell temperature: 665 W/m² at 39°C, 825 W/m² at 45°C, and 940 W/m² at 49°C, as shown in Figures 8a–8c. Next, 
we estimated the five parameters of the first quadrant only for the unshaded PV module under these specific 
weather conditions. Subsequently, we derived the parameters of a cell constituting this same module, as illustrated 
in Table 2.

Furthermore, we used Eq. (3) (provided below) and the cell parameters from Table 1 to obtain the I–V curve for 
a single cell within the unshaded PV module. Then, Eq. (11) was employed to determine the reverse voltage of the 
shaded cell. This involved subtracting the voltage of the unshaded module from (ns − 1)/ns times the voltage of the 
shaded cell, where ns = 72. The resulting I–V curves, generated for various irradiance and temperature conditions 
are depicted as ‘IV4’ (indicated by a dashed red line) in the second quadrants of Figures 8a–8c.

To experimentally validate our results, we overlaid the reverse bias I–V curve, which was measured in the 
laboratory for a separate PV cell, onto the second quadrants of Figures 9a–9c (indicated by a thick blue dotted 
line). The obtained results highlight that the IV curves obtained by the proposed method (indirect method) are well 
correlated and agree with the experimental I–V curve (direct method). In terms of the coefficient of determination 
R-square, the obtained values are close to 1. Also, the obtained values for the mean bias errors (MBEs) are almost 
negligible. It should be noted that, although variations in climatic parameters such as irradiance and temperature 
affect the measured I–V curves of the PV module in the first quadrant (shown in Figures 8a–8c for IV1 and IV2), this 
variability has almost a negligible impact on determining the characteristics of the PV cell in the second quadrant 
(the reverse-bias region).

After obtaining the reverse-bias I–V curves of the Isofoton PV cell, we used a nonlinear implicit function fitting 
tool to extract the model parameters. This process identified the fitting parameters related to the Rogers model (Brev), 
the Bishop model (a, n, and Vbr), and the Quashing model (a, n, and Vbr). These parameters are detailed in Table 3, 
with their corresponding fitting curves displayed in Figures 9a–9c. Significantly, the extracted cell parameters for 
each model exhibit outstanding alignment between the fitting curves and the experimental data.

Figure 7. Diagram of the outdoor measurement system based on incident irradiance and cell temperature, and an I–V tracer. PV, photovoltaic.
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Figure 8. In quadrant II, the reverse-bias I–V curve (I–V3: thick blue dotted line) of a PV cell within an Isofoton I-106 PV module obtained using the 
proposed method (indirect method) is compared with the measured I–V curve (I–V4: dashed red line) of an identical but separate PV cell using the direct 
method. In quadrant I, the forward bias I–V curve (I–V1: thin red line) for a fully illuminated PV module and the I–V curve (I–V2: thick red line) of the PV 
module with one covered PV cell under various weather conditions (irradiance, G, and cell temperature, T) are shown for: (a) G = 665 W/m², T = 39ºC, 
(b) G = 785 W/m², T = 43ºC, and (c) G = 940 W/m², T = 49ºC. PV, photovoltaic.
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Figure 9. Comparison of  reverse-biased  I–V curves obtained  via proposed method and  fitting curves using  the Roger, Bishop,  and Quashning 
models. a) Roger parameter (Brev),  b) Bishop parameters (a, n, Vbr), c) Quashning parameters (a, n, Vbr).
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6. Conclusion
A novel method has been proposed to reproduce the reverse-biased I–V characteristics of individual PV cells within 
a module without disassembling the module from its encapsulant. The method’s principle is quite straightforward: 
It involves conducting simultaneous outdoor measurements (under consistent weather conditions, irradiance, and 
temperature) of the forward-bias I–V curves using commercially available I–V tracers. The measurements are taken 
on two identical PV modules with a series configuration of the cells and in the absence of BPDs. One module is fully 
illuminated, while the other has only one fully shaded cell. From these two obtained forward-bias I–V curves, the 
reverse I–V curve can be easily extracted.

To validate the accuracy of the proposed method, comparisons were made between the I–V curves obtained 
using our method and those obtained directly in the laboratory. The results showed good agreement. Additionally, 
fitting the reverse-biased I–V curves allows us to extract the reverse parameters such as the breakdown voltage 
and certain correlation coefficients associated with the Roger, Bishop, and Quashing models.

In conclusion, the proposed method offers a nondestructive technique for characterising solar cells under reverse 
bias conditions. This innovative approach presents a promising solution for assessing the PV module performance 
and health without causing damage, potentially leading to significant cost savings.

Table 2. Forward parameters extracted for the Isofoton 106 PV cell, related to the SDM model

Weather conditions Forward parameters

Irradiance cell temperature Iph Io Rs Rsh A

(W/m2) (°C) (A) (A) (Ω) (Ω) –

665 39 2.175 1.895×10−9 1.015 64.66 1.011

±0.22% ±0.15% ±0.20% ±0.10% ±0.02%

825 45 2.698 4.334×10−9 0.013 52.12 1.011

±0.21% ±0.19% ±0.19% ±0.11% ±0.02%

940 49 3.075 1.895×10−9 0.014 45.74 1.011

±0.23% ±0.17% ±0.17% ±0.15% ±0.02%

PV, photovoltaic; SDM, single-diode model.

Table 3.  Reverse parameters extracted for the Isofoton 106 PV cell, related to the Roger, Bishop, and Quashning models

Model Reverse parameters

A n Vbr Brev

(V) (A/V2)

Roger – – – 0.00182

Bishop 0.0055 1.29927 −29.1 –

Quashning 0.0055 1 −29.27 –

PV, photovoltaic.
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