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Abstract. The main objective of this paper is to develop a 

simulation model of stand-alone solar photovoltaic (PV) system 

based on mathematical models. A maximum power point 

tracking (MPPT) algorithm based on incremental conductance 

method is applied to extract the maximum power from solar PV 

energy conversion system. A DC/DC boost converter allows the 

MPPT to control the intermediate voltage. To regulate to voltage 

at load side a voltage source converter (VSC) based controller is 

applied to generate the pulse signal for three-phase inverter. The 

frequency regulation controller is developed based on 

conventional phase locked loop (PLL) system along with 

resistive dumping loads. A simulation model based on 

mathematical model is constructed using 

Matlab®/Simulink®/SimPower® interface. Results from 

simulation are stated to demonstrate the behaviour of stand-

alone solar PV energy conversion system. 
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1. Introduction 

 
The development of renewable energy sources has 

attracted a lot of attention from both the research and 

industrial community since last few decades. This 

attention is mainly due to the energy crisis like volatility 

of the oil market and also because of the various 

environmental issues such as global warming & pollution 

etc. Out of various renewable energy sources, some of 

them noticed a tremendous growth in the last few decades 

especially because of their potentiality. Renewable energy 

sources like Combined Heat & Power (CHP), solar 

photovoltaic (PV) module, small wind turbine, energy and 

heat storage are few of the such potential areas where 

controllable loads are supposed to play a great role for the 

future electricity supply [1].  

 

Out of many potential renewable energy sources, PV 

technology clearly distinguished itself from the others 

because of its popularity. However the wide spread 

growth of PV technology gives rise to many technical 

questions like the optimal extraction of the solar power 

from PV panel, controlling the load frequency when PV 

panel is used as an energy source in micro-grid etc. These 

questions need to be addressed to progress further in the 

research of PV technology. A lot of research has already 

been made in order to address the above mentioned 

points. The first point is how it can be made possible to 

extract the maximum power from the PV panel. The PV 

array power and current characteristics are highly 

nonlinear and are affected by the irradiance and 

temperature variation. Therefore, a maximum power-point 

tracker (MPPT) is required to handle such problems and 

to ensure that the PV system is operating at the Maximum 

Power Point (MPP) [1], [2]. The research on MPPT 

technique is a very active research area and a lot of 

contributions regarding this area have already been made. 

In [3], a comparative study on the maximum power point 

techniques for the photovoltaic power systems is 

presented. The difference between the various MPPT 

techniques lies in simplicity, accuracy, time response, 

popularity, cost and other technical aspects. Popular 

MPPT techniques include Perturb & Observe (P&O), 

Incremental Conductance, hill climbing etc. Their 

popularity lies in their simplicity, ease of implementation 

and low cost. 

 

The second point that comes while supplying the load 

through PV power is the load frequency regulation in the 

PV connected micro-grid. This problem arises due to the 

intermittent nature of the photovoltaic power generation. 

As PV power depends on the irradiation and temperature, 

the output power is not constant. So, when the output 

power increase/decreases with respect to the load demand, 

the frequency starts to deviate from the desired frequency. 
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This creates the problem of frequency regulation. Various 

approaches have already been taken to terminate this 

problem. An energy storage technique is used in [3] to 

regulate the load frequency due to sudden change in 

demand and supply. In [4], energy storage is used to 

reduce the impact of wind and solar generation by the 

means of dynamic frequency control through the energy 

storage. The application of dump load based dynamic 

frequency regulation for the case of small hydro power 

plant based micro-grid is discussed in [5]. 

 

In this paper, a simulation based study is demonstrated for 

the case of stand-alone solar photovoltaic system. At first, 

a detailed mathematical model of the solar panel is 

developed from the equivalent circuit or solar cell. Then, 

incremental conductance based MPPT algorithm is 

applied to operate the system at maximum power point 

and this was done through the power electronic interface. 

Finally, dump load based frequency regulation approach 

was used to control the load frequency due to the change 

in load and supply. 

 

2. Modeling Solar PV Cell and Array 

 
A. Modeling Solar PV Cell, Module and Array: 

 

To generate the behaviour of solar photovoltaic (PV) cell 

a simulation model is constructed based on mathematical 

model. A mathematical expression of load current can be 

obtained from the equivalent circuit of a solar PV cell. 

The equivalent circuit of a solar PV cell can be expressed 

like following [6], [7]; 

 

 
Fig.  1. Equivalent circuit of solar photovoltaic cell 

 

The load current equation from this equivalent circuit is 

given below [8]; 

 

        [   
 (     )

   
  ]  

(     )

   
   (1) 

 

In this equation, I is load current, IPH is photocurrent, IS is 

diode saturation current, q is electron charge, V is the cell 

terminal voltage, N is diode ideality factor, K is the 

Boltzmann constant, T is cell temperature, RS and RSH is 

the series and shunt resistance respectively. 

 

In order to develop a simulation model of 6kW solar PV 

array a 250W PV module CS6P-250M manufactured by 

‘Canadian Solar’ has been considered as standard [9]. 

Following table shows required key specification of the 

PV module under standard test condition (STC): 

 

Table I. –Key specification of CS6P-250M PV module under 

STC 

 
ELECTRICAL CHARATERISTICS CS6P-250M 

Nominal Maximum Power 250W 

Optimum Operating Voltage 30.4V 

Optimum Operating Current 8.22A 

Open Circuit Voltage, VOC 37.5V 

Short Circuit Current, ISC 8.74A 

Temperature Coefficient of ISC, Ki 0.005A/0C 

 

The original PV module contains total 60 cells. In order to 

generate the specified voltage from the simulated model 

total 60 cells are required to connect in series. In this 

model desired voltage level is achieved by applying a gain 

on the cell voltage, equals to the number of total cells, to 

develop the model of a 250W PV module. 

 

A total number to 24 PV modules are connected in series 

and parallel to generate 6kW power. In this model 4 PV 

modules are connected in parallel to create a bank with 

120V. Such 6 banks of PV module are connected in series 

to meet the desired amount of total 6kW power. 

 

B. Effect of Varying Solar Irradiation: 

 

Photocurrent, IPH depends on solar irradiance and cell 

temperature. The output of PV module varies as a 

function of solar irradiance which can be obtained from 

the equation of photocurrent [7]-[8], [10]; 

 

           (      ) 
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Here, ISC is short circuit current, Ki is temperature 

coefficient of short circuit current, T is cell temperature, 

Tref is reference temperature and B is solar irradiance in 

W/m
2
. 

 

C. Effect of Varying Temperature:  

 

Diode saturation current varies as a cubic function of cell 

temperature and it can be obtained from following 

equation [11]; 
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In this equation, IRS is diode reverse saturation current and 

Vt is thermal voltage. The diode reverse saturation current 

can be obtained from the equation given below [12]; 

 

    
   

           
   (4) 

 

This model shows the effect of varying series and shunt 

resistance since equation (1) is dependent of the parameter 

RS and RSH. 

 

3. Maximum Power Point Tracking 

 
To operate the solar PV system in maximum power 

extraction a maximum power point tracking (MPPT) 

algorithm is applied. MPPT strategy ensures the 
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maximum power extraction from non-linear resources like 

solar PV system. It allows the controller to operate the PV 

module at optimum voltage and current. There are many 

methods for maximum power point tracking. Most 

common methods for solar PV systems are [13]-[15]: 

 

i. Constant voltage method 

ii. Perturb and Observe (P&O) method and 

iii. Incremental conductance method etc. 

 

Among several MPPT algorithms incremental 

conductance method is recommended due to higher 

accuracy and reliability [13]-[15]. This method estimates 

the relation between the operating voltage U and 

maximum voltage Umax [16]. Method of increasing 

conductivity follows three conditions: U < Umax, U > Umax 

and U = Umax. To realize the maximum power point 

(MPP) a reference voltage, Uref is applied. When the solar 

irradiance and outside temperature changes, the 

incremental conductance method controls the output 

voltage to track the maximum power point voltage 

smoothly and also reduces the oscillation phenomenon 

near the MPP. The method can be expressed like 

following; 

 
  

  
  

 

 
  (

  

  
  ) at MPP thus U = Umax      (5a) 
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  ) left of MPP thus U < Umax   (5b) 
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  ) right of MPP thus U > Umax  (5c) 

 

However, this control method is complicated and the 

setting of adjusting voltage ΔU influences the maximum 

power point tracking accuracy greatly.  

 

4. Power Electronic Interface 

 
The form of electrical power generated from solar PV is 

DC electricity. A classic DC/DC boost converter is 

applied to regulate the DC link voltage. MPPT controller 

generates duty cycle in order to create switching signals 

for the converter. The switching signal allows the boost 

converter to operate the solar PV system at optimum 

voltage and current so that the maximum power extraction 

is possible. Induced voltage at the output end of solar PV 

array is 120V. The DC/DC converter boosts the voltage 

close to 600V to meet the required voltage at system bus.  

 

A DC/AC three phase inverter is applied to connect the 

system with AC loads. To regulate the voltage at load side 

a voltage source converter (VSC) based controller is 

applied. It requires abc to dq transformation (Park’s 

transformation) and consists of proportional integral (PI) 

controller. The output of PI controller is again 

transformed from dq to abc and afterwards 6 pulse width 

modulation (PWM) switching signals are generated to 

regulate the voltage through the inverter. Construction of 

the controller for voltage regulation is like following: 

 

 
Fig.  2. Voltage regulator for three phase inverter 

 

A schematic diagram of stand-alone solar photovoltaic 

system is given below.   

 

 
Fig.  3. Schematic diagram of stand-alone solar PV system 

 

5. Frequency Regulation 

 
The frequency regulation strategy is developed with a set 

of resistive dump load when a total of 3.5kW resistive 

main load is connected to the system. Total 8 sets of 

resistive dump load are used regulated the frequency in 

case of over generated electricity and each set consumes 

0.5W. Maximum power consumed by the dump loads in 

this system is 4kW. Each set of resistive load is added in 

operation gradually depending on generated power and 

load demand. 

 

According to the North-American standard frequency is 

kept constant at 60Hz. The controller for frequency 

regulator is developed with a conventional three-phase 

locked loop (PLL) control strategy. It allows the system to 

operate at constant frequency of 60Hz and synchronizes 

the operation between source and load side components.  

 

6. Simulation and Results 

 
The developed model is executed using 

Matlab
®
/Simulink

®
/SimPower

®
 simulation interface and 

the generated results are given below. This simulation was 

executed for 10 seconds with variable solar irradiance and 

under standard test condition (STC) where cell 

temperature is 25
o
C.  

 

 
Fig.  4. Variable solar irradiation (W/m2) and current generated 

by solar PV 
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Fig.  5. Duty cycle generated by MPPT and voltage induced by 

solar PV array 

 

 
Fig.  6. Power generated by solar PV (W) and load power (kW) 

 

 
Fig.  7. Frequency of the system and dump load actions 

 

Fig. 4 shows the variable solar irradiance applied to the 

system and generated current following the variation of 

irradiation. In this simulation irradiation varies from 600 

to 1000W/m
2
. Generated current varies in a limit from 

30A to 50A approximately depending on solar irradiation. 

 

Incremental conductance method based MPPT controller 

calculates proper duty cycle to generate switching pulse 

signals for the DC/DC boost converter. Fig. 5 states the 

duty cycle and voltage induced at solar PV array. 

  

Total power generated by solar PV and the power 

consumed by resistive load is plotted in fig. 6. The 

regulation of frequency and resistive dump load actions 

are stated in fig. 7.  

 

7. Conclusion 

 
This paper describes a mathematical and simulation 

model of stand-alone solar PV energy conversion system. 

A simulation model is developed to study the behaviour 

of stand-alone solar photovoltaic system. Maximum 

power point tracking algorithm is applied to operate the 

system at optimum level. A DC/DC boost converter and 

DC/AC three-phase inverter connects the system with 

resistive main load. Load voltage is regulated with a VSC 

controller. Simple frequency regulation method based on 

traditional three-phase locked loop (PLL) is proposed 

with resistive dump load. Since the use of resistive dump 

load for frequency regulation is not recommended, further 

continuation of this work may replace the mode of 

operation with energy storage. 
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