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Abstract 

Modelling the impact of mismatch and shading on PV module output is computationally 

difficult. The one diode equation for a single cell including series resistances is numerically 

solved. Then considering a string of solar cells, or modules, if there is any variation in the short 

circuit current, the impact of reverse bias and break down diodes must be considered. Hence to 

model such setups one must employ a software package such as LTspice to simulate the 

equivalent circuit. We have built a fast and robust photovoltaic (PV) module mismatch/shading 

simulation model which incorporates PV cell’s forward and reverse bias behavior and involves 

the avalanche breakdown behavior and bypass diodes. To achieve timely execution of our 

simulations, we employ the explicit solutions to cell’s voltage as a function of current that are 

derived for forward bias model using Lambert W function; and for reverse bias model using the 

General Solution for quartic equation. An accurate approximation of Lambert W function is 

used to improve computational practicality and enable implementation in software without 

Lambert W function capability. An example of simulation results presented with both module 

I-V curves and decomposed power dissipation from weak cell. A Microsoft Excel spreadsheet

with simulation model implemented is also provided. We also provide simulations results of

the impact of non-uniform irradiance for bi-facial modules on energy yield.

1. Introduction

During PV modules’ operation, various phenomenon such as cell crack, non-uniform 

degradation within modules and partial shading can cause cells’ current mismatch. It will result 

in module power loss by shifting module’s operating point away from its original Maximum 

Power Point (MPP), or by activating the bypass diode at the cost of all the power from the string 

with lower-current cell. Furthermore, cell current mismatch leads to reverse bias built up across 

the weak cell, and sometimes may cause the ‘Hotspot Effect’, which heats up the cell and 

brought destructive damage to the module by burning through EVA and back-sheet. To simulate 

a PV module consisting of more than 60 PV cells, with inclusion of cell’s forward and reverse 

bias behavior and impact of bypass diode can be challenging.  

2. Theoretical Model

We use the classic one-diode equivalent circuit model to simulate PV cell’s forward bias 

behavior. PV cell’s reverse bias behavior represented with a combination of linear ohmic shunt 

and Avalanche breakdown behavior (Bishop, 1988). An equivalent circuit is shown in Figure 

1, while the Idark, Ireverse and Ishunt are derived in Eq. (1), (2) and (3). Bypass diode is considered 

in the analysis, which is assumed to have a fixed voltage drop when activated, as this voltage 

drop value can be easily taken from data sheet. A schematic diagram of the equivalent circuit 
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of one string of PV cell with a module is plotted in Figure 2, assuming all cells are connected 

in series and a bypass diode is connected in parallel with every 6 cells. The equations for cell 

in different bias and boundary conditions of cell string and module is summarized in Table 1.  

 

Figure 1 Modified one-diode equivalent circuit of PV cell 

 

 

Figure 2 Schematic of 6-cell-string with bypass diode connected in parallel 

 

𝐼dark = 𝐼0 exp (
𝑉cell−𝐼cell𝑅s

𝑛𝑉T
− 1)    ( 1 ) 

𝐼reverse = 𝑎 ∙
𝑉cell−𝐼cell𝑅𝑠

𝑅sh
∙ (1 −

𝑉cell−𝐼cell𝑅s

𝑉br
)−𝑚   ( 2 ) 



 

𝐼shunt =
𝑉cell−𝐼cell𝑅𝑠

𝑅sh
      ( 3 ) 

I0 is the dark saturation current of diode. Vcell is the cell voltage. VT is thermal voltage (≈ 26 mV) 

calculated as kT/q, where k is the Boltzmann’s constant, T is temperature and q is electrical 

charge on the electron. n is the diode ideality factor. a and m are two curve fitting parameters 

in Bishop’s reverse bias equation, while Vbr is PV cell’s breakdown voltage. Rs and Rsh are cell’s 

series and shunt resistance respectively.  

Table 1 Equations and boundary conditions for current an voltage for PV cell, string 

and module 

 Current Voltage 

Cell 
Forward bias:  𝐼ph − 𝐼dark − 𝐼shunt 

Reverse bias:   𝐼ph + 𝐼reverse + 𝐼shunt 
Derived in 2.1 

String 𝐼string = 𝐼cell(1) = 𝐼cell(2) = ⋯ = 𝐼cell(w) 
Non-bypassed: ∑ 𝑉cell(i)

w
𝑖=1  

Bypassed: 𝑉bypass diode 

Module I (as independent variable) ∑ 𝑉string(i)

v

𝑖=1

 

w is the number of cells in a string within the PV module. Vbypass diode is the voltage of bypass 

diode when activated.  

The bypass diode is activated when the sum of cell voltages within a string drop below the 

bypass diode’s activation voltage (≈ 0.5 V for typical commercial bypass diodes). The module 

voltage is then calculated by summing all the string voltages, while the module current simply 

equals the maximum string current. For better computational performance, we assume the 

bypass diode voltage is pinned at its activation voltage for any current exceeding the activation 

current. In fact, as the current flowing through the bypass diode changes, calculated as the 

difference between module current and string current, the bypass diode voltage will also slightly 

change. A complete diode equation can be implemented in the future for higher accuracy.  

2.1. Solving Cell Equations 

In order to reduce the computational time of our simulation tool for commercial PV module 

that commonly consists of multiple PV cells connected in series, we derived explicit equations 

for Vcell as a function of Icell in the modified one diode model. The explicit solution of one diode 

equation under forward bias was originally published by Jain & Kapoor (2004) using the 

Lambert-W Function, which however would cause arithmetic overflow when it is programmed 

in scientific programming software, such as MATLAB. Roberts (2015) reported a robust 

approximation for Lambert W function that reduces absolute error to less than 10-80. For reverse 

bias model, Batzelis & Papathanassiou (2014) used the Ferrari’s method for solving quartic 

equations with assumption of m = 3 in the reverse bias equation. Other m values are also 

reported in literature, according to different parameter extraction method being used (Alonso-

Garcia & Ruiz, 2006) & (Silvestre & Boronat, 2009).  



 

2.1.1. String current and weak cell reverse bias 

When commercial PV module experience current mismatch problem, the weak cells that have 

lower Iph will be under reverse biased in order to reach the same current with other cells in a 

PV cell string. To solve the reverse voltage across the weak cell or cells in a cell string, with 

the boundary conditions specified in Table 1. Numerical method is then used to find the pinned 

Istring that equates the sum of Vcell and Vbypass diode. The reverse bias across the weak cell can then 

be computed using Istring and the explicit solution derived. 

2.2. Power Dissipation of Weak Cell 

When the weak cell that has lower Iph are under reverse bias, it will be heated by the power 

generated from other cells in the same string, which is also called the ‘Hotspot Effect’. The heat 

dissipated from the weak cell comes from three sources of power, which are calculated 

separately in the simulation model and illustrated in Figure 3.  

 

Figure 3 Three components of power dissipation from the weak cell under reverse bias 

Firstly, the power from illumination that cannot be converted to electricity and extracted has to 

be dissipated in the form of heat, which is equivalent with cell’s open circuit condition under 

illumination. This part of power Pillumination is computed as: 

𝑃illumination = 𝐸𝛼𝐴effective     ( 4 ) 

E is the radiant flux per area of light, 𝛼  is cell’s absorption coefficient and Aeffective is the 

effective area that receives the light. Pillumination is only dependent on cell’s optical property, and 

independent of its electrical property. The second source of power is the photon-generated 

current that flows through negative bias across the PV cell (Pph), which can be computed as: 

𝑃ph = 𝐼ph𝑉cell       ( 5 ) 

The third power source contributing to the Hotspot Effect is the reverse current, marked as 

Preverse in Figure 3, which can be calculated as: 

𝑃reverse = (𝐼reverse + 𝐼shunt)𝑉cell    ( 6 ) 

3. Simulation Procedure 

The simulation procedure for one PV module experience cell current mismatch issues is 

documented in Figure 4. The model starts with reading cell’s parameters as input. It then 

generates a matrix of cell voltages with independent module current values, using the explicit 

solution to the modified one diode equation. Then for each module current, the sum of cell 

voltage in a string (Vstring) is computed and compared with bypass diode activation voltage. 

Pillumination Pph Preverse Icell (reverse)

IshuntIreverse
Iph

Vcell

Light



 

Cells’ computed voltage and current, which equals module current, remain unchanged if Vstring 

exceeds Vbypass diode, and bypass diode is reverse biased; otherwise will need to be re-calculated 

using numerical method to satisfy the boundary condition specified in Table 1. Once the Istring 

is evaluated to turn on the bypass diode. We assume Vbypass diode, and therefore Istring as well, stay 

constant while the difference of current between Istring and Imodule flows through the bypass 

diode. Cell voltages are then also pinned at the values when the bypass diode is turned on. This 

simplification greatly improves the simulation model performance as only one numerical 

method is used for each cell string over the entire module I-V generation. Imodule and Vmodule are 

calculated using equations from Table 1.  

 

Figure 4 Simulation procedure for PV module considering cell current mismatch 

 

4. Results and Application 

The simulation model is implemented in MATLAB and a free Microsoft Excel spreadsheet for 

download. The simulation program takes cell properties and variation of irradiance as input, 

which allows for analysis of impact of these factors. High computational performance enables 

high-resolution impact factor analysis and large amount of simulation over time. Figure 5(a) 



 

shows the simulated I-V curves of a 60-cell, 3 string imaginary mono c-Si PERC module with 

cell properties generated randomly based on measurements of 20 industrial mono c-Si PERC 

cells. Simulation was carried out by varying the shading ratio of one cell in the module from 

0% to 100% by 5% incident. Figure 5(b) illustrates the total power dissipation and its three 

components from the shaded cell under different shading conditions.  

 

 

Figure 5 (a) Module I-V curves of an imaginary 60-cell PERC PV module generated 

based on measured industrial PERC cells, with one cell shaded by a shading ratio 

increasing from 0% to 100%. (b) Decomposition of the power dissipation from the 

shaded cell P(cell) into three sources for shading ratio increasing from 0% to 100%. 

In another work, considering the impact of non-uniform irradiance on a bifacial module rear 

surface. Figure 6(a) depicts the measurement setup, and Figure 6(b) plots the measured 

irradiance on PV module’s rear surface at three positions from top to bottom in a cloudy day. 

The difference between top and bottom row irradiance peaked at noon when the total irradiance 

is high, and is relatively insignificant in the morning when total irradiance is low. The 

distribution of rear surface irradiance is then converted to Iph variation of PV cells assuming the 

rear side efficiency of bifacial cells to be 90% of front side. Simulation is conducted for relative 

mismatch power loss, with results plotted along with the albedo in Figure 7. Power loss is 

calculated assuming module maximum power tracking, and normalized based on uniform rear 

irradiance case. And the albedo is calculated as ratio between the total integrated irradiance on 

the rear surface and front surface. The relative power loss correlates with deviation of irradiance 

on the rear, and has a maximum value of about 0.3% for the given rear irradiance. A more 

extreme condition with higher variation of rear irradiance can lead to a relative power loss of 

up to 4%.  
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Figure 6(a) Experiment setup of study on irradiance distribution on PV module’s front 

and rear surface. (b) Measurements of rear surface irradiance of a PV module at three 

locations: top, middle and bottom, in a cloudy day. 
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Figure 7 Simulated mismatch power loss for a 60-cell (𝟏𝟎 × 𝟔) bifacial module with 3 

strings. Rear surface irradiance is based on interpolation from three locations, and front 

surface irradiance is based on measurements. 

5. Conclusion 

Determination of the impact of PV cells current mismatch on PV module output and Hotspot 

Effect is complex as it involves PV cell’s I-V characteristics in both forward and reverse 

directions, and the interaction between bypass diodes and cell strings. In this paper we propose 

a mismatch simulation model that features high accuracy, computational performance and easy 

implementation. Explicit solutions of cell voltage are derived for a modified one diode model, 

and numerical method is used once for every string of cells to seek Istring when the bypass diode 

is turned on. A simulation output is reported using MATLAB to prove the model’s capability 

of predicting PV module’s mismatch power loss. Based on an input profile of irradiance 

distribution on the rear surface of a bifacial module over a day, the corresponding relative power 

loss is simulated and reported to prove its significance in bifacial module’s outdoor energy yield 

study.  
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