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Abstract – The need for electrical energy is increasing day by day and the required 

surplus electrical energy is supplied by renewable energy sources (RES). The usage of 

RES is a solution to save the fossil fuel reserves for the future generations to come and it 

also protects the environment. Solar energy as RES has number of advantages like 

freely available, pollution free, etc., Solar energy is converted to electrical energy using 

solar photovoltaic (PV) system, it has number of advantages and few challenges too. The 

generated voltage depends upon solar irradiation and operating temperature. Number 

of PV systems connected to the grid is ever increasing and this is leading to number of 

challenges like voltage quality, power quality, islanding etc., and these have to be 

increased. Solar PV system is used as distributed generator (DG). These DG’s help in 

supplying the additional electric power demand, improve the power quality, reduce the 

distribution losses, etc., This paper presents mathematical modeling of PV cell, DC/DC 

converter, inverter and maximum power point (MPP) controller. The discussed model 

is designed with Simulink block libraries and done in Matlab/Simulink software. 

Simulations are done and the results are deliberated and discussed. 

 

Keywords – Solar Cell, Maximum Power Point Controller, DC/DC converter, Inverter, 

Grid, MATLAB/Simulink 

 

1. INTRODUCTION 

 

The demand for electrical energy is growing proportionate to the population growth and also 

due to rapid industrialization [1-2]. To meet the gap between the demand and the supply, 

additional fossil fuels have to be burnt, leading to number of disadvantages like speedy 

depletion of fossil fuels, environmental pollution, greenhouse effect, acid rain, global 

warming, etc., hence to overcome these fossil fuels are replace with renewable energy 

sources (RES). Various RES available are solar energy, wind energy, tidal energy, 

geothermal energy, small hydro energy, biomass energy, etc., among the various RES 

available; the solar energy has a cutting edge over other RES [3-5]. Solar photovoltaic (PV) 

system converts solar energy to electrical energy. PV system has number of advantages like, 

the required input i.e., solar energy is available free of cost, it decreases the dependency on 

oil, gas, coal for production of electrical energy, hence no pollution will produced, as there 

are no moving parts in PV system, maintenance is not required, in long time period, there will 

be high returns for the invested amount on the PV system. The disadvantages associated with 

PV system is the required solar energy will not be available throughout 24 hours a day, solar 

panels require additional equipment like converters, inverters, charge controllers, the land 

required for installation of solar panels will be more, the installation cost of PV system is 
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high, solar panels have an efficiency in the range of 15% – 25%. As the advantages of PV 

system dominate the disadvantages, the PV systems are mostly used electric power 

generation. The PV system can be used to supply local load or can also be directly connected 

to the grid [6-9]. The former method of supplying electric power to the load is called as 

standalone mode of operation and the later method of supplying power to the grid is called as 

grid connected mode of operation. The block diagram of the PV system in standalone mode 

of operation is depicted in Figure.1.below. 
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Fig. 1. PV system in standalone mode of operation 

 

The block diagram of the PV system in grid connected mode of operation is depicted 

in Figure.2.below  

 
PV 

PANELS

DC-DC 
CONVERTER

DC-AC 
CONVERTER

LOADMPP 
CONTROLLER

INVERTER 
CONTROLLER

DC

DC

DC

AC

GRID
PCC

 
Fig. 2. PV system in grid connected mode of operation 

 

This paper presents modelling and simulation of standalone mode of PV system and three 

phase grid connected PV system. The various elements of PV system are modelled, finally 

the PV system in standalone mode, grid connected mode are simulated and the results are 

discussed. 

 The paper is structured as follows, different elements of the PV system like PV cell, 

DC-DC boost converter, inverter, are modelled in section II, the simulation results of the 

standalone mode of PV system, grid connected PV system using are deliberated and 

presented in section III, at the end the paper is concluded in section IV. 

 

PV SYSTEM 

The various elements of PV system are PV panel, power conditioning devices i.e., a DC-DC 

converter, MPP controller, DC-AC converter, i.e., an inverter, filter. The generated output 

voltage is variable and low, a DC-DC boost converter steps up the generated DC voltage to 

the required voltage level. The generated output PV power is depends upon the weather 

conditions [10-12]. There is a unique operating point on the I-V curves, P-V curves where the 

generated output power by the PV panels will be maximum and this is represented by Pmax in 

the Figure.3. below. MPP controller tracks this unique operating point and operates the PV 

system at this point. 
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Fig. 3. I-V curve, P-V curve of a PV cell 

 

DC-AC converter, i.e., an inverter converts the stepped up DC voltage to AC voltage 

and this converted voltage can be supplied to the load AC loads or can be connected to the 

electricity grid. Filters are used to eliminate the harmonics in the output of the inverter and 

supply pure AC power. 

The modelling of various elements PV system is as follows,  

A. Photovoltaic Cell  

The PV cell is the PV system‟s basic element, the input solar radiation is converted to 

electrical energy using the PV cell. The practical PV cell consists of a current source (Iph), in 

anti-parallel with diode (D), series resistance (RSe) and shunt resistance (RSh), it is depicted in 

Figure.4. below. An ideal PV cell is represented by a current source in anti-parallel with 

diode only [13]. It is also called as five parameters model namely Io, N, Rse, Rsh, Iph. 

„   ‟ is the series resistance caused due to flow of current in the p-n material, the contact 

material between silicon and metal contact & its value should be as low as possible, i.e., 

     , „   ‟ is the shunt resistance caused due to leakage of current at the edges & its 

value should be as high as possible, i.e.,       . The output of each PV cell is around 0.5V 

to    0.6 V and the generated current is around 26 mA/cm
2
. 
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Fig. 4. Practical PV Cell 

 

The load current „   ‟ is given as 
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The load current is ‘I’, the photon generated current is „   ‟, the diode current is „  ‟, the 

current flowing in shunt resistor „   ‟ is „   ‟, the saturation current is „  ‟, the load voltage 

‘V’, the terminal „  ‟.  

 Fill factor (FF) is defined as the ratio of maximum power to the product of short 

circuit current (ISC) and open circuit voltage (VOC). FF increases with decrease in 

temperature. 

 

     
    

      
                (5) 

 

During open circuit condition, the load current I=0, substituting in equation (4) we get 
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During short circuit condition, the load current I =Isc, V=0, substituting in equation (4) we get 

 

          *   (
    

   
)   +  (

    

   
)                   (7) 

 

During maximum power point condition, 
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)         (8) 

 

Numbers of PV cells are connected in series and parallel to get higher voltages and 

currents respectively. PV module comprises of number of PV cells connected in series & or 

parallel, PV array comprises of number of modules connected in series & or parallel, and a 

PV panel comprises of number of PV modules connected in series & or parallel. The 

Figure.5. below depicts a solar PV panel having „   ‟ number of cell connected in series and 

„   ‟ number of cell connected in parallel. 
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Fig. 5. Solar PV panel 

 

The load current ‘I’ for a PV panel is given as 
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B. Boost Converter 
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It is a power conditioning device, a DC-DC converter; it steps up the input voltage. The 

elements of a DC-DC converter are inductor for storing energy, diode for rectification action, 

an IGBT for switching action and capacitor for removing the harmonics, smoothening the 

output.  

Boost converter is connected in between PV panel and the load. It changes variable 

DC voltage into constant DC voltage at a essential voltage level. The magnitude of the output 

voltage depends upon switching „ON‟ and „OFF‟ duration. The ratio of „ON‟ time to the total 

switching time is called as duty cycle „ ‟. The DC-DC converter functions in two modes of 

operation, one is continuous conduction mode and the other is dis-continuous mode, it 

depends upon the energy absorption and release [14-16]. The circuit of a boost converter is 

depicted in the Figure. 6. below. 

 

DC
CS VoutRL

DVLIint Iout

 
Fig. 6. Boost converter 

 

 The output voltage „    ‟ and the output current „    ‟ are given as 

 

      
 

   
                                (10) 

 

                             (11) 

 

Where „    ‟ is the input voltage, „    ‟ is the input current,   is the efficiency of the boost 

converter and „ ‟ is the duty ratio which is give as  

 

   
   

 
               (12) 

 

„   ‟, is the time duration for switching „ON’, and „ ‟ is the total time duration for switching 

„ON‟ and ‘OFF’. 

Mode I: When the switch is ‘ON’, current flows through the source and the inductor 

‘L’, the energy will be stored in the inductor as magnetic energy during this period. The 

energy stored in the capacitor ‘C’ during previous switching period, i.e., during ‘OFF’ state 

will be supplied to the load ‘RL’.  

The circuit of the DC-DC converter in this mode of operation is depicted in 

Figure.7.below. 
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Fig. 7. DC-DC converter with switch 'ON' 

 

When the switch is ‘ON’, the supply voltage is equal to the inductor voltage 
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              (14) 

 

Mode II: When the switch is ‘OFF’, the inductor ‘L’, becomes reverse biased, discharges the 

stored energy, hence current will flow to the load ‘RL’. The energy lost from the capacitor ‘C’ 

during previous switching period, i.e., during ‘ON’ state will be regained in this phase, i.e., 

‘OFF’ state. 

The circuit of the DC-DC converter in this mode of operation is depicted in Figure. 8. 

below. 
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Fig. 8. DC-DC converter with switch 'OFF' 

 

When the switch is „OFF‟, 
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C. Maximum Power Point Controller 

To extract the maximum power from the solar panel the system has to operate at a unique 

point called maximum power point     , as shown in Figure.3. above. This is achieved by 

using maximum power point tracker (MPPT). There are number of MPPT algorithms in 

literature.  A few of them are as follows,  

 

i. Perturb & Observe algorithm ( P & O ) 
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This method involves changing of the DC link operating voltage in between PV panels and 

converter. The sign of previous perturbation and previous increment in power is used so as to 

decide next perturbation.  

The P-V characteristic for P & O MPPT is depicted in Figure.9. below. 

 
Fig. 9. P-V characteristics for P & O MPPT 

 

In the Figure.9. above, on the MPP left side, as the voltage increases, the power increases and 

on the MPP right side, as the voltage increases, the power decreases. 

 If the power increases, then the voltage would be incremented in the same direction 

and if power decreases, then the voltage will be decremented in the opposite direction. Based 

on the above logic, the algorithm is written. This process is continued till the maximum 

power point is reached. Finally, the operating point oscillates around the maximum power 

point. 

 The simulation program for P & O maximum power point tracker algorithm is as 

follows. 

 

function D = PandO(Vpv,Ipv) 

%#codegen  

% Define internal values for the voltage and power as persistent 

% variables 

persistent Dprev Pprev Vprev 

% Initialize the internal values for the voltage and power on the 

% first pass 

if isempty(Dprev) 

    Dprev = 0.7; 

    Vprev = 190; 

    Pprev = 2000; 

end 

 % Initialize algorithm parameters 

deltaD = 0.0025; 

 % Calculate measured array power 

Ppv = Vpv*Ipv; 

 % Increase or decrease duty cycle based on conditions 

if (Ppv-Pprev) ~= 0 

    if (Ppv-Pprev) > 0 

        if (Vpv-Vprev) > 0 

            D = Dprev - deltaD; 

        else 

            D = Dprev + deltaD; 

        end 

    else 
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        if (Vpv-Vprev) > 0 

            D = Dprev + deltaD; 

        else 

            D = Dprev - deltaD; 

        end         

    end 

else 

    D = Dprev; 

end 

 % Update internal values 

Dprev = D; 

Vprev = Vpv; 

Pprev = Ppv; 

 

 

 

The flowchart for P & O maximum power point tracker algorithm is shown in Figure.10. 

below. 
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Fig. 10. Flowchart for P & O Maximum Power Point Tracker 

 

ii. Incremental Conductance algorithm (INC) 

This algorithm compares increase in conductance to the present conductance of the PV 

system. According to the result, the voltage will be incremented or decremented to attain the 

maximum power point. Maximum power point is achieved when equation (18) is satisfied. 

    
  

  
    

  

  
              (17) 

 
  

  
  

 

 
                (18) 
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When maximum power point is the voltage remains stationary, whereas for Perturb & 

Observe maximum power point algorithm, after attaining maximum power point the voltage 

oscillates around the maximum power point.  

The simulation program for Incremental Conductance maximum power point tracker 

algorithm is as follows. 

 

% MPPT controller based on the incremental conductance  algorithm 

function y = INCMPP(u,i,uo,io,D) 

m=0.4; 

du=u-uo; 

di=i-io; 

d=0.00005; 

if du==0 

    if di==0 

    m=D; 

    else 

        if di>0 

            m=D-d; 

        else 

            m=D+d; 

        end 

    end 

else 

    if di/du== -(i/u) 

    m=D; 

    else 

        if di/du> -(i/u) 

        m=D-d; 

        else 

            m=D+d; 

        end 

    end 

end 

y = m; 

end  

The flowchart for Incremental Conductance maximum power point tracker algorithm 

is shown in Figure.10. below. 
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Fig. 11. Flowchart for Incremental Conductance Maximum Power Point Tracker 

 

The functioning of incremental conductance maximum power point tracker algorithm 

depends upon the slope P-V characteristics. The slope will be zero at maximum power point, 

increases on maximum power point‟s right hand side and decreases on maximum power 

point‟s left hand side. 

 Equations defining increases on maximum power point algorithm are 

 
  

  
  

 

 
 at maximum power point            (19) 

 
  

  
  

 

 
  on left of maximum power point           (20) 

 
  

  
  

 

 
  on right of maximum power point           (21) 

 

iii. Ripple Correlation Control (RCC) Technique 

 

The switching of converter when it is connected with PV array, executes current and voltage 

ripples on PV array. This leads to ripples in the generated output power of PV system. The 

ripple correlation control technique uses the ripple produced during the converter switching 

action to achieve maximum power point, perturbation is not required in this method. 

 This technique relates rate of change of power with either rate of change of current or 

rate of change of voltage. 

The relation is as follows 

 
  

  
    or   

  

  
    or    

  

  
              (22) 

 

        or                      (23) 

 
  

  
    or   

  

  
    or    

  

  
              (24) 
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        or                      (25) 

 

The power Vs. inductor current characteristics is shown in the Figure.12.below. 

 

 
Fig. 12. Power Vs. Inductor Current characteristics 

 

Any power converter in PV system can use ripple correlation control technique MPPT, 

current value ‘I’ can be set using converter, the array current is equal to inductor current „iL‟. 

For a fixed irradiance and temperature, the power „P=viL‟, any variation is atmospheric 

conditions leads to shifting of MPP. 

The equations (22-25) gets modified as 

 

 
   

  

  

  
                              (26) 

 

                      (27)    

 

 
   

  

  

  
                (28) 

 

                       (29) 

 

The inductor current value ‘iL’ can be set by varying duty ratio ‘d’ . The duty ratio ‘d’ value 

can be calculated according to  

 

     ∫
   

  

  

  
                 (30) 

 

D. Inverter Modeling 

The boost converter‟s regulated DC output voltage is converted into regulated AC voltage 

with the inverter, a current source inverter (CSI) or a voltage source inverter (VSI) can be 

used for this purpose, usually VSI are used.  

The inverter circuit consists of three legs and each leg has 2 switches. The inverter 

can inject power into the grid at different power factors (lagging, unity and leading) with 

proper inverter control [17-20]. The DC link voltage is maintained constant and same as the 

reference voltage using this control, irrespective of variations in temperature and irradiations 

on the solar panels.  

The three phase inverter circuit is shown in figure.13. below.  
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Fig. 13. Three phase Inverter 

The three phase grid connected PV system equivalent representation in single line diagram is 

shown in figure.14. below. 

AC AC

LAC

vgrid

IAC

 
Fig. 14. Single Line diagram of Three Phase Grid Connected PV System 

. 

For VSI control, the grid side voltages Vab, Vbc, Vca, and the currents Ia, Ib, should be read and 

be converted to the rotating frame (dq) from stationary frame (abc). 

 The voltage equations in dq rotating reference frame are  

 

         
   

  
                   (31) 

 

         
   

  
                   (32) 

 

Where    the voltage on direct axis is,    is the voltage on quadrature axis.  

The powers (P, Q, active power and reactive power) equations in dq rotating reference frame 

are  

 

      (         )              (33) 

 

      (         )              (34) 

 

On substituting quadrature axis voltage to zero,                                 , we get 

 

                                 (35) 

 

      (   )                         (36) 

 

From the equations (21 & 22) reveal that, by controlling current direct and quadrature 

component, the active and reactive power can be controlled respectively. 
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For maintaining DC link voltage constant and equal to the reference voltage and injecting 

powers (active power P, reactive power Q) to the grid at different power factors (lagging, 

unity and leading).  The active power must be multiplied with               to inject 

reactive power at a particular power factor into the grid. The PI gives output   
  which 

multiplied with 1.5times    gives active power (P).  By dividing equation (22) with reactive 

power to get   
 . As per the required power factor, ie., lagging, unity or leading, the power 

can be injected to the grid after calculating   
  and   

  respectively [21-25]. The output grid 

current is controlled using PI controllers. The PI controllers (     ) are tuned using trial and 

error method. The inverter switching control is done using space vector pulse width 

modulation (SVPWM). 

The control scheme of VSI is shown in Figure.15. below. 
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Fig. 15. Control Scheme of VSI 

 

SIMULATION RESULST 

The simulation results for a stand-alone PV system is as follows,  

The input solar irradiance for the solar panels is shown in figure. 16. below. 

 
Fig. 16.Input Solar Irradiance 

The operating temperature of solar PV panels is shown in Figure.17.below. 

 
Fig. 17.Operating Temperature of Solar PV panels 
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The DC generated voltage of solar PV panels is shown in Figure.18.below. 

 
Fig. 18. DC Generated Voltage of Solar PV Panels 

The DC generated current of solar PV panels is shown in Figure.19.below. 

 
Fig. 19.DC generated Current of Solar PV Panels 

 

The DC generated power of solar PV panels is shown in Figure.20.below. 

 
Fig. 20.DC Generated Power of Solar PV Panels 

The duty cycle produced by incremental conductance maximum power point tracker 

algorithm, fed for switching of boost converter is shown in Figure.21.below. 

 
Fig. 21.Duty Cycle 

The voltage across the load connected to the solar PV panels is shown in Figure.22.below. 
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Fig. 22. Voltage Across the Load 

The current supplied to the load produced by the solar PV panels is shown in 

Figure.23.below. 

 
Fig. 23. Current Supplied to the Load 

The power supplied to the load, produced by the solar PV panels is shown in 

Figure.24.below. 

 
Fig. 24.Power Supplied to the Load 

The simulation results for a grid connected PV system is as follows,  

A solar irradiance of 1000 W/m
2
 is given as input, it is shown in figure. 25. below 

 
Fig. 25. Input Solar Irradiance 

The mean DC link voltage generated is shown in figure. 26. below. 
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Fig. 26.Mean DC Link Voltage 

The inverter output voltage and the output current generated is shown in figure. 27. below. 

 
Fig. 27.Inverter Output Voltage and the Output Current 

The grid output voltage and the output current generated is shown in figure. 28. below. 

 
Fig. 28.Grid Output Voltage and the Output Current 

The mean DC power generated is shown in figure. 29. below. 

 
Fig. 29. Mean DC Power Generated 

2. CONCLUSION 

 

In this paper, the modelling of PV system is done, all its elements are modelled, simulation of 

standalone PV system and  grid connected PV system is done. The input parameters being, 

solar insolation of 1000 W/m
2
 and operating temperature of 25

0
C.  The current-voltage at this 

radiation intensity and ambient temperature are depicted for both the operating modes. P&O 

method of maximum power point tracking strategies is used in this work and is simulated. 

The DC/DC boost converter, inverter constitutes part of the PV system. The PI controller is 
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used for voltage regulation of a three phase grid connected PV system. The controller action 

is explained. The DC link voltage, generated PV power output and the load power are 

presented in the results. 
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