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  Abstract 

 
 This paper focuses on the development of a simplified mathematical model 

of Photovoltaic (PV) system which can be representative of a cell, module or 
array for easy use on simulation platforms. The implementation of Maximum 
Power Point Tracking (MPPT) algorithms on Photovoltaic systems is also 
presented to track the operating point at which maximum power can be 

coerced from such systems under varying environmental conditions. A 62W 
PV panel is simulated in MATLAB/Simulink taking varying irradiation and 
cell temperature into consideration. Output current and power characteristics 
of the developed model are simulated and studied. A simulation based 
comparative study between the Perturb and Observe (P&O) and Incremental 
Conductance (InC) based MPPT algorithms is also presented. 
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1. Introduction 
 

Renewable energy can be considered as one of the fundamental premises for building a sustainable global 

society. With growing concerns about fossil fuel deficits, rising oil prices, global warming and damage to 

environment and ecosystem, the need for developing alternative energy resources with high efficiency and 

low emission arises. Due to the ubiquity, availability, and sustainability of solar radiant energy, energy 

through the photovoltaic (PV) effect can be considered the most important and prerequisite sustainable 

resource among renewable energy resources. Regardless of sunlight's intermittency, solar power is widely 

available and cost-free. When exposed to solar radiation, a Photovoltaic (PV) system can generate direct 

current (DC) electricity without any environmental impact and pollution. This has become a popular choice 

for electric power generation in remote areas as well as in places where power generation in conventional 

ways is not practical. However, the efficiency of such a system is as low as 33%. Therefore to optimize the 

energy conversion efficiency and to reduce costs, it becomes important to use effective techniques. 
Using the PV effect, a PV device directly transforms solar energy into electricity. The basic device of a PV 

system is a solar cell. Though the output of such a cell depends on many factors like cell type, cell size etc, a 

typical solar cell can generate an open circuit voltage of about 0.5V which is quite low, hence the need for 

fusion/combination arises. Solar cells can be grouped together to form modules or even bigger arrays. These 

modules or arrays can be further connected in series or parallel to form large PV systems capable of fulfilling 

a particular load demand. However, due to the non-linear nature of PV systems, there is only one Maximum 

Power Point (MPP) in a particular environment at which such a system can generate maximum power. With 

the change in solar irradiation and cell temperature, this Maximum Power Point (MPP) continues to change 

accordingly. Hence, the system must always operate at the Maximum Power Point, which reflects the 

maximum energy that can be generated from the PV system, for optimal operation. To obtain this value, 

MPPT systems must be used to automatically allow the MPP to be reached. A wide range of MPPT 
techniques have been developed for this and implemented. Among the various, the most commonly used 

techniques viz. Perturb and Observe (P&O) technique and the Incremental Conductance (InC) technique have 

been presented in the later section of this paper. 
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Essentially, solar cell is a p-n junction fabricated in a thin wafer or layer of semiconductor that has been 

exposed to electromagnetic radiation. Its working is based on the basic principle of Photovoltaic effect. When 

such a cell is exposed to radiation, photons with energy greater than the band-gap energy of the 

semiconductor are absorbed and create some electron-hole pairs proportional to the incident irradiation. Such 

carriers are swept apart under the influence of internal electric fields of the p-n junction and hence create a 

photocurrent that is directly proportional to solar insolation. Obviously, the PV system has non-linear I-V and 

P-V characteristics that differ with radiant strength and cell temperature as mentioned. 

 

 

2. Mathematical Modelling of Photovoltaic (PV) System 

 

Equivalent circuit models define the entire I-V characteristics of a solar cell, module or array as a continuous 

function for a given set of operating conditions. These models are used for implementing the various MPPT 

techniques practically. This paper deals with the single diode model of solar cell which is explained further. 

It consists of a photocurrent source, a diode, a parallel resistor expressing a leakage current and a series 

resistor describing an internal resistance to the flow of current. The model is derived from basic form as a 

typical current source and approaches to the final equivalent circuit of the model starting from the equivalent 

circuit of an ideal solar cell. 
The equivalent circuit of an ideal solar cell is a current source in parallel with single diode, in case of a single 

diode model. The configuration is shown below: 

 
Figure 2.1: Equivalent circuit of an ideal solar cell. 

 

The equation for this equivalent circuit is formulated using Kirchhoff’s Current Law: 

 

I = IL – ID  

I = IL – I0  𝑒𝑥𝑝  
𝑞𝑉

𝑛𝑘𝑇
 −  1  

where;  

I   is the output current, IL  is the photocurrent (current generated by incident light), ID  is the diode current 

given by the Shockley diode equation, I0  is the reverse saturation current, q   is the charge of an electron 

which is equal to 1.602176634 x 10-19 C, V   is the voltage across the diode, n   is the diode ideality factor, k   
is the Boltzmann’s constant and is equal to 1.38064903 x 10-23 J/K, T   is the actual temperature in Kelvin. 

and; 

VT =  
𝑘𝑇

𝑞
  

where;  

VT   is the thermal voltage. 

 

The equivalent circuit of solar cell with a series resistance representing the ohmic voltage drop at the contacts 

and through the layers of materials is also shown below. The value of this series resistance can vary under 

different conditions of illuminations. 

 
Figure 2.2: Equivalent circuit of a solar cell with series resistance. 
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I = IL – I0  𝑒𝑥𝑝  
𝑞

𝑛𝑘𝑇
 𝑉 + 𝐼𝑅𝑠  − 1  

where; 

Rs   is the series resistance. 

 
The practical equivalent circuit of a solar cell can be illustrated by placing a resistor, expressing a leakage 

current parallel to the diode in addition to the series resistance as shown below: 

 
Figure 2.3: Equivalent circuit of a practical solar cell with series and parallel resistances. 

 

Based on the equivalent circuit, the current relationship can be expressed by applying K.C.L as; 

 
IL = ID + Ish + I 
I = IL – ID – Ish                   ( 2.1 ) 

 

ID = I0  𝑒𝑥𝑝  
𝑞

𝑛𝑘𝑇
 𝑉 + 𝐼𝑅𝑠  − 1                 ( 2.2 ) 

Ish =   
𝑉+𝐼𝑅𝑠

𝑅𝑠𝑕
                 ( 2.3 ) 

 

Substituting the values of ( 2.2 ) and ( 2.3 ) in equation ( 2.1 ), we get; 

 

I = IL – I0  𝑒𝑥𝑝  
𝑞

𝑛𝑘𝑇
 𝑉 + 𝐼𝑅𝑠  − 1  –    

𝑉+𝐼𝑅𝑠

𝑅𝑠𝑕
  

where; 

Rsh   is the shunt resistance. 

 

The I-V characteristics of the solar model depend on the external influences such as irradiation level and 

temperature as well in addition to the internal characteristics. 

The photocurrent IL which depends on the irradiation and temperature can be further expressed as; 

 

IL =  𝐼𝑠𝑐 + 𝐾𝑖 𝑇 − 𝑇𝑅𝑒𝑓    
𝐺

𝐺𝑅𝑒𝑓
 

where; 

Isc   is the cell’s short-circuit current at standard test conditions (25°C and 1000W/m2), Ki   is the cell’s short-

circuit current temperature coefficient, T   is the actual temperature in Kelvin, TRef   is the cell’s reference 

temperature in Kelvin, G    is the actual solar irradiation in W/m2, GRef   is the reference/nominal solar 

irradiation in W/m2. 

 

The reverse saturation current I0 and its dependence on temperature may be expressed as; 

 

I0 = Irs  
𝑇

𝑇𝑅𝑒𝑓
 

3

 exp  
𝑞𝐸𝑔

𝑛𝑘
 

1

𝑇𝑅𝑒𝑓
−

1

𝑇
   

where; 

Irs   is the reverse saturation current at standard test conditions (25°C and 1000W/m2), Eg   is the band gap 

energy of semiconductor. 

 
The standard reverse saturation current can be further expressed as; 
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Irs = 
𝐼𝑠𝑐

𝑒𝑥𝑝  
𝑞  𝑉𝑜𝑐
𝑛𝑘𝑇

  − 1
 

where; 

Voc   is the open circuit voltage. 

 

As the power generated by a single photovoltaic cell is very low as discussed earlier, a combination of cells 

are used in both series and parallel to fulfill the desired requirement. This grid of photovoltaic cells so formed 

is known as a photovoltaic array. The equivalent circuit and its constituent equation is given below: 

 
Figure 2.4: Equivalent circuit of a solar array. 

 

I = NP IL – NP I0  𝑒𝑥𝑝  
𝑞 

𝑉

𝑁𝑠
+
𝐼𝑅𝑠
𝑁𝑃

 

𝑛𝑘𝑇
 − 1  –  

𝑉𝑁𝑃
𝑁𝑠

+𝐼𝑅𝑠

𝑅𝑠𝑕
  

I = NP IL – NP I0  𝑒𝑥𝑝  
𝑉𝑁𝑃+𝐼𝑅𝑠𝑁𝑠

𝑁𝑠𝑁𝑃𝑛𝑉𝑇
 − 1  –  

𝑉𝑁𝑃+𝐼𝑅𝑠𝑁𝑠

𝑁𝑠𝑅𝑠𝑕
   

where; 

NS   is the number of cells in series, NP   is the number of cells in parallel, VT = kT/q   is the thermal voltage. 

 

The photovoltaic efficiency is insensitive to a small variation in shunt resistance Rsh but is much sensitive to 

any variation in the series resistance Rs . For a photovoltaic array or module the series resistance hence 

becomes more important and the shunt resistance approaches infinity which can be assumed to be open. The 

mathematical model in that case can be expressed as: 

 
I = NP IL – NP I0  𝑒𝑥𝑝  

𝑉𝑁𝑃+𝐼𝑅𝑠𝑁𝑠

𝑁𝑠𝑁𝑃𝑛𝑉𝑇
 − 1  

 

In addition, maximum power produced by the photovoltaic system can be expressed as: 

 

             Pmax = Vmax Imax = γ Voc Isc  
 

where; 

Vmax   is the terminal voltage of PV array at MPP, Imax   is the output current of PV array at MPP, γ    is the fill 
factor which is a measure of cell quality. 

 

 

3. Simulation Results 

 

A 62W PV panel is simulated in MATLAB/Simulink for the specifications provided in the table below: 
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Table 1: PV panel Specifications 

Maximum Power 62W 

Voltage 17V 

Current 3.5A 

Short Circuit Current 3.8A 

Open Circuit Voltage 21.1V 

 

The Single Diode Model is used to simulate the 62W PV Array using MATLAB environment. Figure 3.1 and 

Figure 3.2 display that the output current and voltage of the PV array increases with increase in solar 

irradiation level from 200W/m2 to 1000W/m2. Figure 3.3 and Figure 3.4 display a linear decrease in panel 

voltage and current caused by an increase in surrounding temperature. 

 

 

 
Figure 3.1: I-V curve for different irradiation levels. 

 

 

 

 
Figure 3.2: P-V curve for different irradiation levels. 
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Figure 3.3: I-V curve for different temperatures. 

 

 

 
Figure 3.4: P-V curve for different temperatures. 

 

 

 

4. Maximum Power Point Tracking (MPPT) Algorithms 

 

The continuous operation of a PV system at MPP widely improves its efficiency, given the fluctuations in 

solar irradiation and environmental temperature. The implementation of MPPT algorithms ensures that 

maximum output power is extracted from the PV systems under all conditions of temperature and irradiation. 

Photovoltaic cells have a complex relationship to the maximum power they can generate in their operating 
environment. Cells have a single operating point for any given set of operating conditions where the cell’s 

current (I) and voltage (V) values result in maximum power output. These values correspond to a particular 

load resistance which is equal to V/I as set out in Ohm’s law. The power P is given by P=V*I. From the basic 

circuit theory, the power delivered from or to a device is optimized where the derivative (graphically, the 

slope) dI/dV of the I-V curve is equal and opposite the I/V ratio (where dP/dV=0). This is known as 

the maximum power point (MPP). Comtrollers can use multiple strategies to maximize an array’s power 

output. Maximum Power Point trackers can implement and toggle between various algorithms depending 

upon array’s operating conditions. The two algorithms/ techniques that have been used for determining the 

Maximum Operating Point in this paper are the Perturb and Observe (P&O) method and the Incremental 

Conductance (InC) method. 
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4.1 Perturb and Observe (P&O) method 

 

Perturb and Observe (P&O) is an iterative method that tracks the Maximum Power Point of a PV system. The 

operation is based on regular measurements of voltage and current of the PV system to determine the output 

power of the system. This value of power is then compared with the previously obtained power values and 

the system’s operating voltage is adjusted or perturbed accordingly. If the power of the PV array (dP/dV > 0) 
is increased, the control system changes the operating point of the PV array in that direction. If the power is 

decreased, the operating point is moved in opposite direction. This process is repeated again and again till the 

Maximum Power Point of the system is achieved. This method is widely used because of its simplicity and 

low cost in implementation. A flowchart of the mentioned method is shown; 

 

 
Figure 4.1: Flowchart of Perturb and Observe (P&O) MPPT algorithm. 

 

This method was implemented in the developed model of the PV array and the result showing the 

effectiveness and performance of the method in tracking the Maximum Power Point of the system is shown; 

 

 
Figure 4.2: Maximum Power Point Tracking using P&O algorithm. 
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4.2 Incremental Conductance (InC) method 

 

The Incremental Conductance (InC) method is based on the fact that the slope of the P-V curve of a PV 

system is zero when the Maximum Power Point (MPP) of the system is achieved. It is positive on the left of 

MPP and negative on the right. The basic equations of this method are given as under; 

  

 
𝑑𝐼

𝑑𝑉
= −𝐼𝑉   at Maximum Power Point (MPP) 

 
𝑑𝐼

𝑑𝑉
> −𝐼𝑉   left of MPP 

 
𝑑𝐼

𝑑𝑉
< −𝐼𝑉   right of MPP 

 

This method however has a disadvantage that if the step size is small, the response of the system to get to 

MPP is slow. This method shows less oscillatory behaviour around the MPP as compared to the P&O 

method. A flow chart of this method is presented below; 

 

 
Figure 4.3: Flowchart of Incremental Conductance (InC) MPPT algorithm. 

 

 

This method of MPPT was implemented in the developed model of the PV system as well and the result has 

been provided below; 
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Figure 4.4: Maximum Power Point Tracking using Incremental Conductance (InC) algorithm. 

 

 

4.3 Comparison of Results between P&O and InC MPPT methods 
 

The Simulation results shown in Figure 4.2 and Figure 4.4 demnostrate the performance and efficiency of the 

Perturb and Observe (P&O) and Incremental Conductance (InC) algorithms in tracking the operating point at 

which maximum power can be coerced from the PV system. P&O’s tracking performance amounts to 97% 
and that of InC method amounts to nearly 100%. The simulation was carried out at an ambient temperature of 

about 25o C and irradiation rates ranged from 200W/m2 to 1000W/m2 with a variable step size of 0.1 for 

Incremental Conductance (InC) algorithm. Further comparison has been shown below; 

 

Table 2: Comparison of P&O and InC MPPT techniques 
MPPT 

Techniques 

Array 

Dependent 

Analog/ 

Digital 

Periodic 

Tuning 

Sensed 

Parameter 

Initial 

Parameter 

Requirement 

Convergence 

Speed 

Complexity Ability to 

track 

true 

maxima 

P&O No Both No V No Varies Low Yes 

InC Yes Digital No V, I Yes Varies Medium Yes 

  

 

 

5. Conclusion 

 
A generalized mathematical model which is representative of a cell, module and array has been developed 
and simulated in MATLAB/Simulink. The proposed model takes irradiation and temperature as input 

parameters and outputs the I-V and P-V characteristics under varying conditions. It can be concluded that 

under uniform solar irradiance, conventional MPPT algorithms provide maximum power output. But these 

algorithms may fail to provide MPP under rapidly changing atmospheric conditions. This can however be 

achieved by using MPPT methods based on stochastic and artificial intelligence like the Fuzzy Logic 

Controller (FLC) based MPPT methods. Such methods can improve the efficiency of electricity production to 

a great extent as compared to the conventional methods. This paper also presents simulation based 

comparative study between the Perturb and Observe (P&O) method and the Incremental Conductance (InC) 

method. Simulation results display that in terms of tracking performance, the InC algorithm with varying step 

size can accurately track the Maximum Power Point (MPP). This paper provides the reader with all the 

necessary information to develop a Single-Diode Model of the Photovoltaic array for analyzing and 

simulating the PV array. Future work can involve optimizing the energy conversion efficiency of PV system 
using Genetic Algorithm and Surface Area optimized Artificial Neural Networks (ANN).  
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