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Abstract – To ensure a rapid and consistent design of 
Photovoltaic (PV) modules, the presence of an effective 
simulator is essential for assessing the behaviour of the 
PV cell when subjected to rapid or partial changes in 
temperature, irradiance, and parasitic resistance. The 
prevailing approach for modelling involves utilizing an 
equivalent circuit that encapsulates both nonlinear and 
linear mechanisms. The study introduces an eleven-
parameter quartic model for the simulation and 
modelling of a PV unit. The model takes into account 
the equivalent circuit constraints of the PV cell and 
validated by solving the non-linear voltage equation. 
The examination concentrates on three pivotal 
junctures: open circuit, maximum power point, and 
short circuit. These key points are crucial for 
comprehending the operational characteristics of the 
PV module in typical conditions. The proposed 
quadruple diode model has been demonstrated to 
outperform the lower-order diode models in terms of 
performance and accuracy.  
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To validate the strength and precision of the 
developed model, the model was simulated using the 
specifications of PV panels, and the outcomes were 
compared with the recorded values obtained from the 
lower-order models.The model was developed and 
tested using standard mathematical equations for PV 
cells within the MATLAB/ Simulink environment.  

Keywords – PV, modelling and simulation, 
quadruple-diode model, temperature and irradiance, 
parasitic resistance. 

1. Introduction

The progress of civilization marked by an 
extraordinary revolution in energy technology has 
brought to light several environmental issues and 
crises, including global warming, air pollution an 
ozone layer depletion, etc. [1], [2]. Countries 
worldwide are prioritizing the adoption of renewable 
and infinite energy sources to attain clean and 
sustainable energy. These sources include 
Photovoltaic (PV) systems, wind turbines, 
gravitational energy, biomass energy, hydropower 
and geothermal energy, and more [3], [4],  [5]. 
Among these options, solar energy has emerged as a 
highly viable and promising alternative. It is 
abundant, boasts reasonable efficiency, and entails 
low maintenance costs. Solar power technology has 
experienced remarkable progress in recent times, 
establishing itself as a leading contender in the 
renewable energy domain. Embracing solar energy 
presents tremendous potential for fostering a cleaner 
and more sustainable living environment for our 
planet. 

Accurate prediction of the performance of a PV 
cell under varying environmental conditions, 
including solar temperature, and generating power-
voltage and current-voltage curves require modeling 
and consideration of parasitic resistance [6].  
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A commonly used method involves employing an 
equivalent electrical circuit that combines both linear 
and nonlinear components. Relying solely on the 
specifications of the PV solar panel, which provides 
limited specifications like open circuit voltage 
(VOC), short circuit current (ISC), maximum voltage 
(VMPP), maximum current (IMPP), and maximum 
power point (PMPP) at standard operating conditions 
(SOC), is insufficient for precise modeling [7], [8], 
[9]. PV cells operate under various irradiance and 
temperature conditions, demanding a deeper 
understanding of their nonlinear current-voltage 
specification and the parameters modification based 
on data provided by the PV solar panel.  

Numerous researchers have proposed multiple 
models to precisely simulate PV cells. These models 
encompass various configurations, such as the single 
diode model (SDM) [10], double diode model 
(DDM) [11], triple diode model (TDM) [12], and 
quadruple diode model (QDM) [13]. Each of these 
PV models aims to accurately represent the electrical 
behavior of the cell. The simplest diode modelling is 
the single diode model that has one diode. Higher-
order models, including double, triple and quadruple 
diodes, have linear and nonlinear elements with 
additional diodes to accurately capture the PV cell's 
electrical behavior. Therefore, these models represent 
an important role in forecasting the performance of 
PV cells under wide environmental conditions. This 
will result in improving the precision and efficiency 
of the PV systems. 

The addition of a fourth diode that is connected in 
parallel with the third diode will result in enhancing 
lower-order model versions in terms of the reliability 
and performance of the solar module under wide 
operating conditions. The resulting higher accuracy 
model is called the four-diode model. Even though 
the four-diode models provide higher accuracy, 
additional diodes increase system complexity and 
requires higher computational demands [14], [15]. 
The main goal is therefore to extract a simplified 
solar model that encapsulates the model constraints 
and assesses the behavior of the PV while 
maintaining adequate computational power 
requirement with high efficiency.   

The major contribution of this research is to 
extract an extensive quadruple diode model for a PV 
call by simplifying and restructuring the current 
equation through minimizing constraints to nine 
equations. The performance of the developed model 
is then compared to single diode model and multiple 
diode models. As a result, the extracted model has a 
significant value to build models and study the 
characteristics of PV modules. Such research that 
uses the developed model may be conducted for 
instance in optimization of energy storage devices, 
power converters design, and maximum power point 
trackers.  

Therefore, the proposed model acts as an 
important tool to model and simulate the behavior of 
the PV modules with high accuracy, accordingly 
allowing effective solar energy harnessing.   

The installation size of PV systems is notably 
increasing in the future, as clearly declared in the 
current researches [16], [17]. This is because of the 
nonlinearity behavior of PV cells due to several 
environmental issues such as radiation and 
temperature. Thus, highly accurate PV cell modelling 
is a challenging task. Hence, PV cell modelling that 
used to accurately and precisely compute the output 
power while counting for different operating 
condition becomes crucial issue. This has led to 
extracting different models for PV cells, including 
single, double, triple, and quadruple models, each 
offering unique insights into the behavior of PV 
systems. 
 
2. Modelling PV Cells  

                                                                                                              
The use of mathematical modeling for 

photovoltaic cells, modules, and arrays is essential to 
comprehend, analyze, and anticipate the performance 
of solar PV systems amidst various environmental 
conditions and operational variables. The following 
subsections list various types of the PV models. 

 
2.1. Single Diode Model 

 
The SDM, depicted in Figure 1, is a traditional 

PV model that includes one diode connected with a 
light-generated current source Iph in parallel, 
alongside a series resistance 𝑅𝑠𝑒 and a parallel 
admittance  𝐺𝑝𝑎 (where 𝐺𝑝𝑎=1/𝑅𝑝𝑎) [18]. This 
model, called five parameters model, comprises 𝐼𝑝ℎ,  
𝐼𝑟𝑠, 𝑛, 𝑅𝑠𝑒, and 𝑅𝑝𝑎 [19], [20], [21]. Although it 
offers advantages, its accuracy diminishes when 
irradiance levels decrease. Utilizing Kirchhoff's 
Current Law (KCL), the model calculates the output 
current IPV using Equation 1. Nomenclature of all 
variables used in this research is depicted in 
Appendix A.  
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Figure 1. Single diode model’s equivalent circuit diagram 
  

𝐼 = 𝐼𝑝ℎ − 𝐼𝑟𝑠 �𝑒𝑥𝑝𝑝 �
𝑉𝑜+𝐼𝑅𝑠𝑒
𝑛𝑉𝑇

� − 1� − 𝐺𝑝𝑎(𝑉𝑜 +
𝐼𝑅𝑠𝑒)                                                                     (1) 
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The single diode equivalent circuit model for 
solar PV cells has several benefits, such as its 
straightforward control structure and minimal circuit 
complexity. However, it also has limitations, 
including subpar accuracy and irregular output 
characteristics. Despite these drawbacks, the model 
continues to be extensively utilized in the solar PV 
industry, particularly in applications that demand 
quick response times. 

 
2.2. Double Diode Model 

 
In this modified model, another diode is 

connected in parallel with the existing diode, while 
the rest of the circuit remains unchanged [22], [23]. 
This configuration is depicted in Figure 2. The DDM 
equivalent circuit model is a variation of the SDM 
equivalent circuit model, incorporating two reverse 
saturation currents (𝐼𝑟𝑠1, 𝐼𝑟𝑠2), two ideality factors 
(𝑛1 ,𝑛2 ), and the diode currents represented as Id1 
and Id2. The output current (I), is defined by Equation 
2. 

Compared to the single diode model, the DDM 
presents several advantages. It offers improved 
accuracy in fitting curves and exhibits satisfactory 
performance under standard test conditions (STC). 
The DDM's equivalent circuit includes seven 
parameters to estimate, namely 𝐼𝑝ℎ, 𝐼𝑟𝑠1, 𝐼𝑟𝑠2, 𝑛1, 𝑛2, 
𝑅𝑠𝑒 and 𝐺𝑝𝑎. The DDM is commonly employed in 
practical scenarios where higher accuracy in output 
current-voltage (I-V) characteristics is needed, 
especially in low irradiation conditions and situations 
requiring adaptability to varying environmental 
conditions [24]. 
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Figure 2. Double diode model’s equivalent circuit 
diagram  
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� − 1� − 𝐺𝑝𝑎(𝑉𝑜 + 𝐼𝑅𝑠𝑒),           (2) 

 
2.3. Triple Diode Model  
 

The TDM [25], [26] represents an advanced 
enhancement over the DDM and introduces further 
improvements.  

 

The TDM equivalent circuit of PV solar cells 
utilizes three diodes, as illustrated in Figure 3. The 
third diode, Id3, is connected in parallel with first and 
second diodes, Id1 and Id2, respectively. The TDM 
accounts for the influence of grain boundaries and 
leakage current, which are represented by Id3. The 
flow of leakage current occurs through the parallel 
resistance in the triple equivalent circuit model [26]. 

The TDM is presented in Equation 3. It 
incorporates three diodes within the model [27],[28]. 
Nine parameters are required by the triple model to 
fully characterize its I-V characteristic, which are: 
Irs2, Irs3, Iph, Irs1, n1, n2, n3, Gpa and Rse. The model 
offers a remarkable level of accuracy for a solar PV 
cell in curve fitting, mainly in challenging conditions 
like higher temperatures and lower irradiance. Also, 
precise identification of various current components 
can be obtained within the cell. Nevertheless, it is 
crucial to categorize that the model is of high 
complexity. The common use of the model is in 
large-scale industrial silicon solar cells to accurately 
present the I-V characteristics and accordingly 
predict the generated power with high accuracy. 

 
 
 

Figure 3. Triple diode model’s equivalent circuit diagram 
 

      𝐼 =
𝐼𝑝ℎ − 𝐼𝑟𝑠1 �𝑒𝑥𝑝𝑝 �
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𝑛1 𝑉𝑇
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𝑉𝑜+𝐼𝑅𝑠𝑒
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� −
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𝑉𝑜+𝐼𝑅𝑠𝑒
𝑛3 𝑉𝑇

� − 1�,                                                                             

(3) 
 

2.4. Quadruple Diode Model  
 

The QDM, in contrast to lower-order diode 
models, offers numerous advantages, particularly for 
industrial solar PV cells. The model offers minimized 
difference between actual and estimated data and 
increased accuracy. This in turn resulting in model 
superiority as compared to other models in terms of 
accuracy for curve fitting. Additionally, the 
quadruple diode model performs exceptionally well 
in standard test conditions (STC). However, it is 
important to acknowledge that this model comes with 
the drawback of higher complexity in terms of 
modeling. Despite its complexity, the quadruple 
diode model is widely used in large-scale industrial 
applications [13]. 
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The fourth diode, Id4, is connected in parallel with 
the constant current source of the first, second and 
third diodes, Id1, Id2, and Id3, respectively. Figure 4 
depicts the equivalent circuit diagram of the 
quadruple model. The model introduces two 
additional constraints that need to be taken into 
account during the modeling process: the reverse 
saturation diode current 𝐼𝑟𝑠4 and the ideality factor 
𝑛4 . Thus, the total number of constraints becomes 
eleven for the quadruple model. These constraints 
include the light-generated current source 𝐼𝑝ℎ, diode 
saturation currents 𝐼𝑟𝑠1, 𝐼𝑟𝑠2, 𝐼𝑟𝑠3 and 𝐼𝑟𝑠4, ideality 
factors of the diodes 𝑛1 , 𝑛2 , 𝑛3 , and 𝑛4 , series 
resistance 𝑅𝑠𝑒, and parallel admittance 𝐺𝑝𝑎. The 
quadruple model is mathematically represented as 
given in Equation (4), and the currents through 
diodes 1, 2, 3, and 4 are expressed by Equations (5), 
(6), (7), and (8) respectively. 

Ipa

Rpa

Rse

Vo

+
I

-

Iph

Id3 Id4Id1 Id2

Figure 4. Quadruple diode model’s equivalent circuit 
diagram 
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Substituting Equations (5), (6), (7), and (8) into 

Equation (4) and rephrasing it to yield Equation (9). 
Also, the thermal voltage VT of the PV cell can be 
mathematically expressed using Equation (10). 

 
𝐼 = 𝐼𝑝ℎ − ∑ 𝐼𝑟𝑠𝑖 �𝑒𝑥𝑝𝑝 �

𝑉𝑜+𝐼𝑅𝑠𝑒
𝑛𝑖 𝑉𝑇𝑁𝑠𝑒

� − 1�4
𝑖=1 − 𝐺𝑝𝑎(𝑉𝑜 +

𝐼𝑅𝑠𝑒),          (9) 
𝑉𝑇 = 𝐾𝐵𝑇𝑜𝑝

𝑞
       (10) 

 
3.  Mathematical Modelling of Quadruple Diode 

PV Cell  
 

  The process of mathematical modeling quadruple 
diode PV cells entails creating sophisticated models 
that precisely depict the electrical characteristics of 
the cells. While single, double, and triple diode 
models are prevalent and thoroughly investigated, the 
quadruple diode model presents a more intricate and 
refined method for characterizing the behavior of PV 
cells across diverse environmental conditions.   

3.1. Determination of 𝑰𝒑𝒉 Photocurrent Model                                                                                                     
 

The photocurrent mostly is a function of the 
working temperature and solar isolation of the PV 
cell [10], [11]. Figures 5 and 6 illustrate internal and 
external photocurrent model block diagram. It acts as 
a subsystem in the development of solar cell model 
as represented by Equation (11). 

 
𝐼𝑝ℎ = 𝐺𝑖𝑟

𝐺𝑆𝑇𝐶
�𝐼𝑠𝑐_𝑆𝑇𝐶 + 𝐾𝐾𝑠𝑐  (𝑇𝑜𝑝 − 𝑇𝑟𝑒𝑓)�    (11) 
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Figure 5. Equivalent circuit diagram of photocurrent  

Model 
 

 
 

Figure 6. Photocurrent subsystem 
 

3.2. Determination of 𝑰𝒓𝒔 Reverse Saturation Current 
Model  

 
Diode reverse saturation current (𝑰𝒓𝒔) depends on 

the temperature coefficient, which includes (𝐾𝐾𝑆𝐶) and 
(𝐾𝐾𝑂𝑉). For the single model, an improved formula 
used to define the diode reverse saturation current 
with varying temperature values is illustrated in 
Equation (12) [22]. Figures 7 and 8 respectively 
represent the internal and external block diagram of 
diode reverse saturation current. It acts as a 
subsystem in solar cell model as illustrated by 
Equation (12). 

 

𝐼𝑟𝑠 = 𝐼𝑠𝑐_𝑆𝑇𝐶+𝐾𝑠𝑐(𝑇𝑜𝑝−𝑇𝑟𝑒𝑓)

exp (𝑉𝑜𝑐𝑆𝑇𝐶+𝐾𝑜𝑣�𝑇𝑜𝑝−𝑇𝑟𝑒𝑓�/𝑛𝑉𝑇)−1
          (12) 

 
The inputs of diode reverse saturation current are 

operating temperature (Kelvin) and short circuit 
current (A). The output of the subsystem is the diode 
reverse saturation current (A). The block covers the 
following parameters: open circuit voltage at 
standard condition (𝑉𝑜𝑐_𝑆𝑇𝐶), electron charge (q), 
Boltzmann constant (𝐾𝐾𝐵), number of series cells 
(𝑁𝑠𝑒), and diode ideality factor (n). 
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To simplify the analysis and simulation of a PV 
module using a four-diode model, the diode reverse 
saturation current equation can be expressed in terms 
of the open circuit voltage temperature coefficient 
(𝐾𝐾𝑂𝑉), as shown in Equation (13). However, the 
process of developing the four-diode model involves 
the need to estimate eleven constraints, leading to 
increased complexity in the analysis and making the 
simulation of the PV module less straightforward. 
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Figure 7. Equivalent circuit diagram of reverse saturation 
current model 

 

 
 

Figure 8. Diode reverse saturation subsystem 
 
𝐼𝑟𝑠 = 𝐼𝑟𝑠1 = 𝐼𝑟𝑠2 = 𝐼𝑟𝑠3 = 𝐼𝑟𝑠4 =
𝐼𝑠𝑐_𝑆𝑇𝐶+𝐾𝑠𝑐(𝑇𝑜𝑝−𝑇𝑟𝑒𝑓)

(exp(
 (𝑉𝑜𝑐𝑆𝑇𝐶+𝐾𝑜𝑣�𝑇𝑜𝑝−𝑇𝑟𝑒𝑓�
𝑉𝑇(𝑛1+𝑛2+𝑛3+𝑛4 𝒫⁄ ) )−1)

                 (13) 

 
To simplify the model and enhance its 

manageability, researchers have successfully 
reduced the original eleven constraints to five, 
as detailed in Equation (9). This reduction of 
constraints can also be implemented when 
constructing the four-diode model. In order to 
facilitate the analysis, the following 
assumptions have been taken into 
consideration: 𝐼𝑟𝑠 = 𝐼𝑟𝑠1 = 𝐼𝑟𝑠2 = 𝐼𝑟𝑠3 = 𝐼𝑟𝑠4  and  
(𝑛1 + 𝑛2 + 𝑛3 + 𝑛4 𝒫⁄ ) = 1. 

By plugging in the irradiance and temperature 
inputs into Equations (11) and (14), the diode 
saturation currents and photocurrent are calculated 
with the data supplied by the specifications of PV 
panels.  

In order to achieve optimal results in the PV cell 
module for current-voltage curve, the ideality factors 
n1, n2, n3 and n4 are assigned specific values. 
Specifically, n1 is set to 0.3, n2 is set to 0.5, n3 is set 
to 0.7, and n4 is set to 1. It is advisable to select a 
value for P that exceeds 2. These modifications make 
the four-diode model more straightforward and 
appealing for PV module simulation. This is because 
only five constraints need to be calculated. Thus, the 
changes mentioned above simplify the four-diode 
model, making it an attractive option for PV system 
simulation. 
𝐼𝑟𝑠 = 𝐼𝑟𝑠1 = 𝐼𝑟𝑠2 = 𝐼𝑟𝑠3 = 𝐼𝑟𝑠4 =
𝐼𝑠𝑐_𝑆𝑇𝐶+𝐾𝑠𝑐(𝑇𝑜𝑝−𝑇𝑟𝑒𝑓)

exp�𝑉𝑜𝑐_𝑆𝑇𝐶+𝐾𝑜𝑣∆𝑇�/𝑉𝑇]−1
                             (14) 

 
3.3. Determination of 𝑰𝒔  Saturation Current Model  
 

The diode saturation current (𝐼𝑠) depends on the 
temperature and the band-gap energy of the 
semiconductor material (𝐸𝑔) [29], which can be 
described as Equation (15). Figures 9 and 10 
respectively represent the internal and external 
diagram of the diode saturation current model and act 
as a subsystem in solar cell model as demonstrated in 
Equation (14). 

 

𝐼𝑠 = 𝐼𝑟𝑠 ∙ �
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− 1
𝑇𝑜𝑝

��               (15) 

 
The inputs of saturation current are operating 

temperature (Kelvin) and diode reverse saturation 
current (A). The circuit output is the diode saturation 
current (A). The block diagram covers the following 
parameters: electron charge (q), band-gap energy of 
the semiconductor material (𝐸𝑔), diode ideality 
factor (n), and Boltzmann constant (𝐾𝐾𝐵). 
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Figure 9. Equivalent circuit diagram of saturation current 
model 
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Figure 10. Diode saturation subsystem 
 

3.4. Determination of Series 𝑹𝒔𝒆 and Parallel  𝑹𝒑𝒂 
Resistances 

 
Numerous analytical and numerical methods 

proposed in the literature [10], [11] have been 
suggested to assess the constraints of PV cell models 
of one, two, and three diodes. The series resistance 
(𝑅𝑠𝑒) and parallel resistance (𝑅𝑝𝑎) values can be 
determined through mathematical approaches [18]. 

The key task is to determine the appropriate 
values of (𝑅𝑠𝑒) and (𝑅𝑝𝑎)  such that the calculated 
power (𝑃𝑃𝑚𝑚𝑝𝑝𝑝𝑝, 𝐶𝐶a) matches the experimental power 
(𝑃𝑃𝑚𝑚𝑝𝑝𝑝𝑝, Ex) provided by the manufacturer's data 
sheet. Figure 11 depicts the flowchart outlining the 
iterative process for adjusting the current-voltage 
curve. The iteration starts with Rs = 0 and continues 
to vary until the calculated maximum power (𝑃𝑃𝑚𝑚𝑝𝑝𝑝𝑝, 
𝐶𝐶a) matches the experimental power (𝑃𝑃𝑚𝑚𝑝𝑝𝑝𝑝, Ex), 
while (𝑅𝑝𝑎)  simultaneously calculating the value of 
(𝑅𝑝𝑎). By adjusting (𝑅𝑠𝑒) and (𝑅𝑝𝑎), it ensures that 
only one pair (𝑅𝑠𝑒, 𝑅𝑝𝑎) guarantees (𝑃𝑃𝑚𝑚𝑝𝑝𝑝𝑝, 𝐶𝐶a) = 
(𝑃𝑃𝑚𝑚𝑝𝑝𝑝𝑝, Ex), = V𝑚𝑚𝑝𝑝𝑝𝑝 * I𝑚𝑚𝑝𝑝𝑝𝑝 at the maximum power 
point on the current-voltage curve. 

The expression for the light-generated current 
source under three different operating conditions, 
such as short circuit current (𝐼𝑠𝑐), open circuit 
voltage (𝑉𝑜𝑐) and maximum power point (𝑉𝑀𝑃𝑃). 
During the open circuit condition, the voltage drop 
across the diode when the generated current, (I) is 
equal to zero and (𝑉𝑜) is equal to (𝑉𝑜𝑐_𝑆𝑇𝐶). 
Substituting these values into the Equation (9), the 
light-generated current is derived as follows: 

 
0 = 𝐼𝑝ℎ − ∑ 𝐼𝑟𝑠𝑖 �𝑒𝑥𝑝𝑝 �

𝑉𝑜𝑐𝑆𝑇𝐶
𝑛𝑖 𝑉𝑇𝑁𝑠𝑒

� − 1�4
𝑖=1 −

𝑉𝑜𝑐𝑆𝑇𝐶
𝑅𝑝𝑎

,  (16) 

𝐼𝑝ℎ = ∑ 𝐼𝑟𝑠𝑖 �𝑒𝑥𝑝𝑝 �
𝑉𝑜𝑐_𝑆𝑇𝐶
𝑛𝑖 𝑉𝑇𝑁𝑠𝑒

� − 1�4
𝑖=1 − 𝑉𝑜𝑐_𝑆𝑇𝐶

𝑅𝑝𝑎
,   (17) 

 
During the short circuit condition, the greatest 

value of the current extracted in a PV cell, which is 
produced by the short circuit condition, (𝑉𝑜) is equal 
to zero and (I) is equal to (𝐼𝑠𝑐_𝑆𝑇𝐶). Substituting these 
values into the Equation (9), the light-generated 
current is derived as follows: 

𝐼𝑠𝑐_𝑆𝑇𝐶 = 𝐼𝑝ℎ − ∑ 𝐼𝑟𝑠𝑖 �𝑒𝑥𝑝𝑝 �
𝐼𝑠𝑐_𝑆𝑇𝐶𝑅𝑠𝑒
𝑛𝑖 𝑉𝑇𝑁𝑠𝑒

� − 1�4
𝑖=1 − 𝐼𝑠𝑐_𝑆𝑇𝐶𝑅𝑠𝑒

𝑅𝑝𝑎
,

       (18) 
 

During the maximum operating condition, the 
operating point extracted by the solar cell at a point 
of the current-voltage characteristic where the 
product VI is maximized.  (𝑉𝑜)  is equal 
to (𝑉𝑀𝑃𝑃_𝑆𝑇𝐶)   and (I) is  equal to (𝐼𝑀𝑃𝑃_𝑆𝑇𝐶). 
Substituting the above values into the Equation (9), 
the output current is derived as follows: 

 
𝐼𝑀𝑃𝑃_𝑆𝑇𝐶 =
𝐼𝑝ℎ − ∑ 𝐼𝑟𝑠𝑖 �𝑒𝑥𝑝𝑝 �

𝑉𝑀𝑃𝑃_𝑆𝑇𝐶+𝐼𝑀𝑃𝑃_𝑆𝑇𝐶𝑅𝑠𝑒
𝑛𝑖 𝑉𝑇𝑁𝑠𝑒

� − 1�4
𝑖=1 −

𝑉𝑀𝑃𝑃_𝑆𝑇𝐶+𝐼𝑀𝑃𝑃_𝑆𝑇𝐶𝑅𝑠𝑒
𝑅𝑝𝑎

,      (19) 
𝑉𝑀𝑃𝑃_𝑆𝑇𝐶+𝐼𝑀𝑃𝑃_𝑆𝑇𝐶𝑅𝑠𝑒

𝑅𝑝𝑎
=

𝐼𝑝ℎ − ∑ 𝐼𝑟𝑠𝑖 �𝑒𝑥𝑝𝑝 �
𝑉𝑀𝑃𝑃_𝑆𝑇𝐶+𝐼𝑀𝑃𝑃_𝑆𝑇𝐶𝑅𝑠𝑒

𝑛𝑖 𝑉𝑇𝑁𝑠𝑒
� − 1�4

𝑖=1                     
(20) 

 
The iteration process enables the estimation of the 

values of 𝑅𝑠𝑒 1T and 𝑅𝑝𝑎 1T by utilizing equation (21). 
 

𝑅𝑝𝑎 = 𝑉𝑀𝑃𝑃_𝑆𝑇𝐶+𝐼𝑀𝑃𝑃_𝑆𝑇𝐶𝑅𝑠𝑒
𝐼𝑝ℎ−∑ 𝐼𝑟𝑠𝑖�𝑒𝑥𝑝�

𝑉𝑀𝑃𝑃_𝑆𝑇𝐶+𝐼𝑀𝑃𝑃_𝑆𝑇𝐶𝑅𝑠𝑒
𝑛𝑖 𝑉𝑇𝑁𝑠𝑒

�−1�4
𝑖=1

  

(21) 
 

4. Simulation Design of Quadruple Diode Model                                                                               

The developed four-diode model is simulated 
using MATLAB/Simulink software through utilizing 
Equations (9), (11), (13), and (14) in the simulation 
process. Figure 11 illustrates the overall simulation 
model of the four-diode model. The major 
subsystems of the proposed four diode model and its 
module output current of the four diode PV cell are 
as shown in Figures 12, 13 respectively. 
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Figure 11. Overall PV of proposed four diode model 
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Figure 12. Complete sub-system model of proposed four diode PV cell 
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Figure 13. Module output voltage and current of proposed four diode PV cell 
 

5. Results and Discussion 
 

The analysis of mathematical models for single, 
double, triple, and quadruple diodes solar cells was 
conducted, and equations were derived based on 
Kirchhoff's law.  

The modeling of the solar PV panel was 
simulated via MATLAB/Simulink. The 
characteristics of the PV solar module are presented 
in Table 1. Table 2 presents the recorded values of 
the proposed models, including the single, double, 
triple, and quadruple diode models. 
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Table 1. Specifications for PV panel 
 

Parameters Value 
Input Power (PIN) 1410 W 
Maximum Voltage (VMPP) 26.3 V 
Maximum Current (IMPP) 7.61 A 
Maximum Power (PMPP)  200  W 
Short Circuit Current (ISC) 8.21 A 
Open Circuit Voltage (VOC) 32.9 V 
Series Resistance (RSe) 0.32 Ω 
Parallel Resistance (Rpa) 300 Ω 
Total number of series cells (NSe) 54 
Total number of parallel cells (Npa) 1 
Voltage Temperature coefficient (𝐾𝐾𝑣𝑣) -123 mV/°C 
Voltage Temperature coefficient (𝐾𝐾𝑆𝑆𝐶𝐶) 3.18 mA/°C 

 
Table 2.  Calculated values of proposed single, double, 
triple and quadruple diode models at STC 
 

Parameters 
Single 
diode 
Model 

Double 
diode 
Model 

Triple 
diode 
Model 

Quadrupe 
diode 
Model 

Input Power 
(PIN) 

1410 
W 1410 W 1410 W 1410 W 

Maximum 
Power (PMPP) 

159.4 
W 170.83 W 173.85 W 199.73 

     
Maximum 

Voltage (VMPP) 22.8 V 23.8 V 21.6 V 26 V 

Maximum 
Current (IMPP) 6.99 A 7.1775 A 8.038 A 7.68 A 

Open Circuit 
Voltage (VOC) 31.7 V 32.9 V 32.9 V 32.9 V 

Short Circuit 
Current (ISC) 8.21 A 8.21 A 8.21 A 8.21 A 

Diode Ideality 
Factor (C) C1=2.5 C1=1, 

C2=2.2 

C1=1, 
C2=1.5, 
C3=1.3 

C1=0.3, 
C2=0.5, 
C3=0.7, 
C4=1 

Series 
Resistance 

(RSe) 
0.32 Ω 0.32 Ω 0.32 Ω 0.32 Ω 

Parallel 
Resistance 

(Rpa) 
300 Ω 300 Ω 300 Ω 300 Ω 

Voltage 
Temperature 

coefficient (𝐾𝐾𝑣𝑣) 

-123 
mV/°C 

-123 
mV/°C 

-123 
mV/°C 

-123 
mV/°C 

Voltage 
Temperature 
coefficient 

(𝐾𝐾𝑆𝑆𝐶𝐶) 

3.18 
mA/°C 

3.18 
mA/°C 

3.18 
mA/°C 

3.18 
mA/°C 

 
5.1. Constant Radiation and Constant Temperature 

Conditions 
 

Modeling PV cells by using multiple diodes, the 
I-V and P-V characteristics of the PV system were 
investigated under constant temperature conditions at 
25°C, with a fixed incident irradiation of 1000W/m2. 
The P-V characteristic has been illustrated in Figure 
14(a) and I-V characteristic has been presented in 
Figure 14(b). Figure (14) showed that when the 
number of diodes is increased, there is an increase in 
both the output voltage and the current, which yields 
the maximum power output of the PV system.  

 

Table 3 illustrates the maximum voltage, 
maximum power, and maximum current that are 
increased by large amounts with increasing the 
number of diodes for both P-V and I-V 
characteristics models. 

 

 
(a). Output P-V 

 

 
(b). Output I-V 

 
Figure 14. Output characterstics of PV under fixed 

radiation and fixed temperature 
 

Table 3. Comparison between the number of diodes for 
fixed values of irradiance and temperature 
 

Solar 
radiation 
(W/m2) 

Temp. 
(°C) Multi diode Pmp 

(W) 
Vmp 
(V) 

Imp 
(A) 

G=1000 T=25 Single 
diode,  D=1 158.02 22.8 6.931 

G=1000 T=25 Double 
diode, D=2 170.83 23.8 7.177 

G=1000 T=25 Triple 
diode, D=3 189.08 25 7.563 

G=1000 T=25 Quadruple 
diode,D=4 199.73 26 7.682 

 
5.2. Constant Radiation and Varying Temperature 

Conditions 

The I-V and P-V characteristics of a single and 
quadriple diodes, were evaluated at different 
temperatures while keeping the irradiation at 1000 
W/m2, the temperatures considered were 0°C, 25°C, 
45°C and 60°C , and the obtained results showed that 
an increase in temperature led to a decrease in both 
the output current and voltage from the PV module. 
Consequently, the power output and efficiency of the 
system also decreased with an increase in 
temperature.  
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Figure 15 depicts the I-V and P-V characteristics 
of the analyzed PV system. Table 4 illustrates that 
the maximum power, maximum voltage, and 
maximum current that are increased by large 
amounts with increasing the number of diodes for 
both P-V and I-V characteristics models. 

 

 
(a). Output P-V 

 

 
(b). Output I-V 

 
Figure 15. Output characterstics of PV under fixed 

radiation and  variable temperature 
 

Table 4. Comparison between the single and quadriple 
diodes for fixed values of irradiance and variable 
temperature 
 

Solar 
radiation 
(W/m2) 

Temp. 
(°C) Multi diode Pmp 

(W) 
Vmp 
(V) 

Imp 
(A) 

G=1000 T=0 Single 
diode, D=1 223.14 30.8 7.245 

G=1000 T=0 Quadruple 
diode,D=4 264.46 34.13 7.75 

G=1000 T=25 Single 
diode, D=1 158.02 22.8 6.93 

G=1000 T=25 Quadruple 
diode,D=4 199.73 26 7.68 

G=1000 T=45 Single 
diode,  D=1 108.19 16.6 6.52 

G=1000 T=45 Quadruple 
diode,D=4 147.82 19.4 7.62 

G=1000 T=60 Single 
diode,  D=1 73.69 12.2 6.041 

G=1000 T=60 Quadruple 
diode,D=4 109.3 14.6 7.48 

 
 
 
 

5.3. Variable Radiation and Constant Temperature 
Conditions 

During variable radiation conditions on the P-V 
curve, the power output from the PV system 
fluctuates with changes in solar radiation levels. The 
MPP on the P-V curve shifts as radiation intensity 
varies, potentially leading to changes in the curve's 
shape. On the other hand, when temperature remains 
constant and under variable radiation conditions on 
the I-V curve, the generated current from the PV 
system remains stable. However, fluctuations in 
radiation intensity cause variations in the current 
magnitude, influencing the position and shape of the 
I-V curve. Figure 16 shows the I-V and P-V 
characteristics of the analyzed PV system under 
variable radiation and constant temperature. Table 5 
demonstrates a substantial increase in the maximum 
voltage, maximum power, and maximum current 
with the inclusion of more diodes in both the P-V 
and I-V characteristics models. 
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Figure 16. Output characterstics of PV under variable 

radiation and fixed temperature 
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Table 5. Comparison between the single and quadriple 
diodes for variable values of irradiance and fixed 
temperature 
 

Solar 
radiation 
(W/m2) 

Temp. 
(°C) Multi diode Pmp 

(W) 
Vmp 
(V) 

Imp 
(A) 

G=1000 T=25 Single 
diode, D=1 158.02 22.8 6.93 

G=1000 T=25 Quadruple 
diode,D=4 199.73 26 7.68 

G=800 T=25 Single 
diode, D=1 124.31 22.6 5.55 

G=800 T=25 Quadruple 
diode,D=4 160.67 26 6.18 

G=600 T=25 Single 
diode,  D=1 90.58 21.8 4.16 

G=600 T=25 Quadruple 
diode,D=4 120.56 26.2 4.60 

G=400 T=25 Single 
diode,  D=1 57.3 21 2.76 

G=400 T=25 Quadruple 
diode,D=4 79.55 26.2 3.04 

 

5.4. Constant Radiation and Varying Series Resistance 
Conditions 

Under constant radiation conditions on the P-V 
curve, the solar radiation level remains unchanged, 
resulting in a relatively stable overall shape and 
position of the P-V curve. However, variations in the 
series resistance can cause the MPP of the P-V curve 
to shift, leading to changes in the peak power output 
of the PV system.  

A higher series resistance can lead to reduced 
efficiency, resulting in a lower maximum power 
point. Changes in series resistance have an impact on 
the I-V curve by altering the relationship between 
current and voltage. An increase in series resistance 
can cause a decrease in the current generated by the 
PV system, resulting in a shift in the position of the 
I-V curve. The magnitude of the current at different 
voltage points on the curve can be influenced by 
variations in series resistance.  

Figure 17 illustrates the I-V and P-V 
characteristics of the analyzed PV system under 
constant radiation and varying series resistance 
conditions. Table 6 illustrates a significant rise in the 
maximum voltage, maximum power, and maximum 
current when incorporating more diodes in both the 
P-V and I-V characteristics models. 
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Figure 17. Output characterstics of PV under fixed 

radiation and variable series resistance 
 
Table 6. Comparison between the single and quadriple 
diodes for fixed values of irradiance and variable series 
resistance 
 

Solar 
radiation 
(W/m2) 

Resistance 
(Ω) 

Multi 
diode 

Pmp 
(W) 

Vmp 
(V) 

Imp 
(A) 

G=1000 Rse=0.28 Single 
diode,D=1 159.96 23 6.95 

G=1000 Rse=0.28 Quadruple 
diode,D=4 202.13 26.2 7.715 

G=1000 
Rse=0.36 Single 

diode,D=1 156.09 22.6 6.91 

G=1000 Rse=0.36 Quadruple 
diode,D=4 197.38 25.6 7.71 

 
5.5. Variable Radiation and Constant Series Resistance 

Conditions 

 During variable radiation conditions on the P-V 
curve, the power output from the PV system varies 
with changes in solar radiation levels. The MPP on 
the P-V curve shifts in response to the varying 
radiation intensity, potentially altering the curve's 
shape. Nevertheless, as the series resistance remains 
constant, changes in the internal resistance do not 
directly impact the overall position and 
characteristics of the P-V curve.  
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With constant series resistance conditions on the 
I-V curve, the relationship between current and 
voltage remains constant. However, fluctuations in 
radiation intensity affect the magnitude of the 
current, influencing the position and shape of the I-V 
curve. Figure 18 illustrates the I-V and P-V 
characteristics of the analyzed PV system under 
variable radiation and constant series resistance 
conditions. Table 7 demonstrates a notable increase 
in the maximum power, maximum voltage, and 
maximum current by adding more diodes in both the 
P-V and I-V characteristics models.  

 
Table 7. Comparison between the single and quadriple 
diodes for variable fixed values of irradiance and fixed 
series resistance 

 

Solar 
radiation 
(W/m2) 

Resistance 
(Ω) 

Multi 
diode 

Pmp 
(W) 

Vmp 
(V) 

Imp 
(A) 

G=1000 Rse=0.28 Single 
diode,D=1 159.96 23 6.95 

G=1000 Rse=0.28 Quadruple 
diode,D=4 202.13 26.2 7.715 

G=400 Rse=0.36 Single 
diode,D=1 57.61 21 2.74 

G=400 Rse=0.36 Quadruple 
diode,D=4 79.92 26.2 3.05 

 
 

 
(a). Output P-V 

 

 
(b). Output I-V 

 
Figure 18. Output characterstics of PV under variable 

radiation and fixed series resistance 
 
 

5.6. Constant Radiation and Varying Parallel Resistance 
Conditions 

Changes in the parallel resistance value can cause 
shifts in the MPP on the PV curve, leading to 
variations in the peak power output of the PV 
system. The variation in parallel resistance also 
impacts the I-V curve by altering the current-voltage 
relationship. An increase in parallel resistance can 
result in a decrease in the generated current by the 
PV system, causing the I-V curve's position to shift. 
The magnitude of the current at different voltage 
points on the curve can be influenced by changes in 
parallel resistance. Figure 19 and Table 8 illustrates a 
significant rise in the maximum voltage, maximum 
power, and maximum current when incorporating 
more diodes in both the P-V and I-V characteristics 
models. 

 
Table 8. Comparison between the single and quadriple 
diodes for fixed values of irradiance and variable parallel 
resistance 
 

Solar 
radiation 
(W/m2) 

Resistance 
(Ω) Multi diode Pmp 

(W) 
Vmp 
(V) 

Imp 
(A) 

G=1000 Rpa=100 Single 
diode,D=1 154.64 22.6 6.84 

G=1000 Rpa=100 Quadruple 
diode,D=4 195.3 26 7.51 

G=1000 Rpa=700 Single 
diode,D=1 159 23 6.97 

G=1000 Rpa=700 Quadruple 
diode,D=4 201 26 7.73 

 

 
(a). Output P-V 

 

 
(b). Output I-V 

 
Figure 19. Output characterstics of PV under fixed 

radiation and variable parallel resistance 
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5.7. Variable Radiation and Constant Parallel Resistance 
Conditions 

During variable radiation conditions on the P-V 
curve, the power output from the PV system varies in 
response to changes in solar radiation levels. The 
MPP on the P-V curve shifts with fluctuations in 
radiation intensity, potentially altering the curve's 
shape. However, these changes in radiation intensity 
also affect the magnitude of the current, leading to 
variations in the position and shape of the I-V 
curve. Table 9 and Figure 20 demonstrates a 
substantial increase in the maximum power, 
maximum voltage, and maximum current by adding 
more diodes in both the I-V and P-V characteristics 
models. 

Table 9. Comparison between the single and quadriple 
diodes for variable values of irradiance and fixed parallel 
resistance 

Solar 
radiation 
(W/m2) 

Temp. 
(°C) 

Multi 
diode 

Pmp 
(W) 

Vmp 
(V) 

Imp 
(A) 

G=1000 Rpa=700 Single 
diode,D=1 159 23 6.97 

G=1000 Rpa=700 Quadruple 
diode,D=4 201 26 7.73 

G=400 Rpa=700 Single 
diode,D=1 58.13 21 2.77

G=400 Rpa=700 Quadruple 
diode,D=4 80.86 26.2 3.09

(a). Output P-V 

(b). Output I-V 

Figure 20. Output characterstics of PV under variable 
radiation and fixed parallel resistance 

6. Conclusion

To facilitate the swift and consistent design of PV 
modules, the utilization of an efficient, expeditious, 
and accurate simulator becomes imperative for 
evaluating the response of the PV cell to rapid or 
incremental fluctuations in temperature, irradiance, 
and parasitic resistance. The prevailing methodology 
for modeling entails the adoption of an equivalent 
(electrical) circuit that comprehensively encompasses 
nonlinear as well as linear dynamics. In this 
investigation, a progressive eleven-parameter 
quadratic model is introduced for the simulation and 
representation of a PV unit. 

To ascertain the validity and accuracy of the 
suggested model, the approach was implemented 
using the specific parameters of PV panels, and the 
resulting data was meticulously juxtaposed with the 
observed values derived from the proposed models. 
Through comprehensive comparative analysis 
between the quadruple diode model and its 
counterparts, the single, double, and triple diode 
models, it has been conclusively established that the 
quadruple diode model exhibits superior performance 
and enhanced accuracy and is simulated by 
MATLAB/Simulink. 
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Appendix A – Nomenclature of variables used in this 
research 

Variable Description 

𝑰𝒑𝒉 light-generated current source in (A) 
𝑰𝒅 diode current in (A) 
𝑰𝒑𝒂 parallel resistance current in (A) 
𝑽𝑶 output voltage in (V) 
𝑽𝒐𝒄 open-circuit voltage in (V) 

𝑽𝑴𝑷𝑷_𝑺𝑻𝑪 voltage at maximum power point in (V) 
𝑰𝑴𝑷𝑷_𝑺𝑻𝑪 current at maximum power point in (A) 
𝑷𝑴𝑷𝑷 power at maximum power point in (W) 
𝑰 output current in (A) 
𝑰𝒔 diode saturation current in (A) 
𝑰𝒓𝒔 diode reverse saturation current in (A) 
𝑰𝒔𝒄 short-circuit current in (A) 
n diode ideality factor 
𝑽𝑻 thermal voltage = 26 mV at 300 K 
𝑵𝒔𝒆 cells connected in series 
𝑵𝒑𝒂 cells connected in parallel 

𝑲𝑩 Boltzmann constant, which = (1.381ҳ10-23 
J/K) 

𝒒 Charge of electron, which= (1.6ҳ10-19 C) 
𝑻𝒓𝒆𝒇 reference temperature = 298K 
𝑻𝒐𝒑 operating temperature 
𝑹𝒔𝒆 series resistance of a PV, which = 0.32 Ω 
𝑹𝒑𝒂 parallel resistance of a PV, which = 300 Ω 
𝑮𝒑𝒂 parallel admittance of a PV 
𝑬𝒈 band gap of the silicon, which =1.1 eV 
𝑰𝒓𝒔𝒊 reverse saturation current of ith diode 

𝒏𝒊 ideality factor of ith diode 
Gir the irradiation in (W/m2) 

GSTC the irradiation at standard test condition 
(STC), which = 1000W/m2 

𝑰𝒔𝒄𝑺𝑻𝑪  

short circuit current of cell at (STC) (in 
Ampere), which happen with (T=25 short 

is the cell’s short-circuit current 
temperature coefficient (A/K), which = 

-3.18 mA/°C and G=1000 W/m2) 

𝑲𝑺𝑪 
short is the cell’s short-circuit current 

temperature coefficient (A/K), which = -
3.18 mA/°C 

𝑲𝑶𝑽 the cell’s open-circuit voltage temperature 
coefficient (V/K), which = -123 m V/°C 

[𝑲𝑺𝑪 ],  
[𝑲𝑶𝑽] normally provided by the manufacturer 


