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CHAPTER 1 

 

Introduction 

 

 

1.1 Motivation of the Thesis 

 

In recent years energy demand is increasing across the world. More number of generating 

stations are to be constructed to meet this demand. The use of fossil fuels deteriorate 

ecological environment and causes global warming. Now it is become a big challenge to 

societies around the world to fulfill the energy demand keeping minimum damage to 

environment. In this circumstances use of non-conventional energy has emerged as a solution 

to this problem. It is clean as the CO2 emission is very low and also ‘renewable’.  

Recent years have seen remarkable technological development in the field of renewable 

energy. Energy sources like solar, wind, tidal, geothermal are the main sources which are 

used as a renewable energy sources. Countries like China and USA are heavily investing in 

solar, wind and biofuels. At present around 30 nations in the world are using renewable 

energy to meet about 20 percent of their total energy demand. Norway and Iceland, the two 

countries who have generated all their electricity using renewable energy sources. 

1.1.1 SOLAR ENERGY  

 Among the various sources of renewable energy, the electrical energy obtained from solar 

energy is currently regarded as a natural energy source which is most useful since it is free, 

abundant, clean, and distributed over the Earth and participates as a primary factor of all 

other processes of energy production on Earth. PV systems have been started to be used 

widely in domestic electricity supply. In fact growth of PV panels for electricity generation is 

one of the highest in the field and this tendency is expected to continue in the coming few 

years. Under solar irradiation solar panel converts sunlight into electrical energy by 

photovoltaic effect. It was first observed by A. E Becquerel in 1839 [15]. 

1.1.2 SOLAR ENERGY IN INDIA 

Geographically India being a tropical country receives adequate solar radiation for 300 days, 

which amounts to 3000 hours of sunlight equivalent to over 5000 trillion kWh. Due to lack of 
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electricity infrastructure a major section of its populace is still off grid. Especially in rural 

area 18000 villages could not be electrified through conventional grid system. Development 

in solar energy could be the best alternatives to electrify the rural and urban area. Currently 

India has around 1.2 million solar home lighting systems and is also India ranked the number 

one in Asia for solar off-grid products. As of 31 December 2015 the installed grid connected 

solar power capacity is 4,879.00 MW, and India expects to install an additional 10,000 MW 

by 2017 [2].  

The work presented in this thesis is to represent a model of PV power generating system 

connected to utility grid using Matlab/Simulink. In the proposed model a DC-DC boost 

converter is used with the necessity MPPT control method and is interfaced with the grid 

through a voltage sourced inverter. Each chapter in this thesis will explain the specific area of 

research. 

1.2 Literature Review 

For the successful execution of the thesis work it is very important to discuss about the 

various types of existing work that has been done in this domain and ponder upon the 

proposed improvement possible. In the literature review some important parts related to this 

are discussed. 

Modeling of Photovoltaic Devices 

As the name implies photovoltaic device is the key part of any Photovoltaic System. Due to 

the low voltage generated in a PV cell, a number of PV cells are connected in series and 

parallel to form a PV module for desired output. Lots of work has already been done in this 

topic, some of which are briefly presented here. 

Michael E. Ropp [13] presented a MATLAB/SIMULINK model of a single-phase grid 

connected PV system suitable for system-level investigations. Simplified means for modeling 

the PV array and integrating a gradient based MPPT into a very simple average model of the 

power converter are developed, and the model has been experimentally tested.  

Habbati Bellia et al [11] presented a detailed modeling and simulation of the PV cell and 

module. It is implemented under MATLAB/SIMULINK environment. The chosen model is 

the single diode model with both series and parallel resistors for greater accuracy.  
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I. H. Atlas et al [10] developed a photovoltaic array simulation model to be used in 

MATLAB/SIMULINK software. The model is developed using the basic circuit equations of 

the photovoltaic solar cell including the effects of solar irradiance and temperature changes. 

The PV cell output voltage is a function of the photocurrent that is mainly determined by load 

current depending on the solar irradiance level during the operation. 

Shivananda Pukhrem in [15] proposed a circuit based simulation model for a PV cell for 

estimating the IV characteristic curves of photovoltaic panel with respect to changes in 

environmental parameters and cell parameters. Considering these two the author developed a 

model in MATLAB/SIMULINK with a variable load resistance at the output.  

Tarak Salmi et al [29] focused on a Matlab/Simulink model of a photovoltaic cell. The model 

is based on mathematical equations and is described through an equivalent circuit including a 

photocurrent source, a diode, a series resistor and a parallel resistor. The developed model 

allows the prediction of PV cell behavior under different physical and environmental 

temperature and solar radiation.  

 

1.2.1 DC-DC Boost Converter 

It is also known as a step up converter. The typical application is necessary to increase the 

output voltage of the PV array as the output of the PV array is less than what has to be 

supplied to the consumers. In this regard some research has been done and can be found in 

the following papers. 

Hassan Fathabadi [23] proposed a novel high efficiency DC/DC boost converter to be used 

in PV systems. The converter includes only one metal oxide semiconductor field effect 

transistor (MOSFET) switch, and two diodes. It is shown theoretically and experimentally 

that the only switch of the converter is turned on and turned off respectively under zero 

current switching (ZCS) and zero voltage switching (ZVS) conditions, and the two diodes are 

turned on/off under ZCS condition, so there are no switching losses. 

B. M Hasaneen et al [24] proposed a design and simulation of DC/DC boost converter. The 

input is usually from a PV array and therefore the design and simulation in this paper covers 

the whole range of radiations and temperature. In this paper they analyze the equations of a 

boost converter and propose the design components of DC/DC boost converter. This work is 

applied to photovoltaic system for tracking the point of maximum power.  

P. Sathya et al [25] presented the design and implementation of high performance closed 

loop Boost converter for solar powered LED lighting system. The proposed system consists 
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of solar photovoltaic module, a closed loop boost converter and LED system.  The closed 

loop boost converter is used to convert a low level dc input voltage from solar PV module to 

a high level dc voltage required for the load. 

 

1.2.2 Maximum Power Point Tracking (MPPT) 

It is very important to track the maximum power point accurately under all operating 

conditions so that maximum available power is always obtained. Several distinct methods of 

MPPT are available in literature. A few of them are presented here. 

Moacyr Aurliano Gomes de Brito et al [8] presented evaluations among the most usual 

maximum power point tracking (MPPT) techniques, doing meaningful comparisons with 

respect to the amount of energy extracted from the photovoltaic (PV) panel in relations to the 

available power, PV voltage ripple, dynamic response and use of sensors. Total work has 

been performed in Matlab/Simulink. 

A.Safari et al [20] has presented incremental conductance method (INC) for maximum power 

point tracking (MPPT) using DC-DC cuk converter. Comprehensive analysis and simulation 

of KC85T solar module and equivalent electric circuit are provided while effects of various 

environmental conditions on the PV module behavior is investigated. In order to fully 

understand the PV module working specifications fundamental characteristics of PV cells are 

discussed. 

Saravana Selvan. D [21] has proposed the study of incremental conductance MPPT 

algorithm. This can be experimentally verified by modeling the PV system with MPPT 

algorithm in Matlab/Simulink software. This paper reviews the basic characteristics of the PV 

cell and the simulation model of the circuit. 

 

1.2.3 Power Electronic Interfacing with Utility Grid 

Neng Cao, Yajun Cao and Jiaoyu Liu [26] have proposed an inverter control system whose 

advantage is its high speed and flexibility due to the application of advanced control 

algorithm. The source harmonic current is remarkably reduced for this deisgn.  

Yao-Nan Tong et al [27] presented a single-phase full bridge photovoltaic grid-connected 

inverter.  

Amirnaser Yazdani et al [28] described a voltage sourced converter (VSC) in solar power 

system. This paper also deals with phase transformation and control of VSC. 

  



5 
 

1.3 Problem Statement 

The above literature review shows the existing research for photovoltaic system. But still 

further investigations are needed on the design aspects of photovoltaic arrays, the maximum 

power point tracker and the power electronics interface between the PV system and grid. In 

this regard an attempt has been made in this work to address the above mentioned issues. 

This thesis carried out a detailed study of photovoltaic systems. It incorporates analysis and 

developments work on modeling and simulation of the grid connected photovoltaic systems. 

The well accepted software package MATLAB/SIMULINK for simulating power system 

components has been used.  The thesis attempts 

 

• To develop an accurate model of PV module and validate the same with a 

commercially available model of PV. 

• To interface with a utility grid system using proper converter controls. 

• Finally to confirm the effectiveness of the developed design with the help of 

simulation results. 

 

1.4 Thesis Organization 

• Chapter 2 explains about the brief theory, required to understand the modeling of the 

solar PV module. The model, definition and array of solar cell is given. It also 

explains the development of the mathematical expressions that represent the electrical 

behavior of the solar cell. With the help of MATLAB/SIMULINK the model of solar 

cell has been developed and is validated with a commercially available PV module 

Sun power SPR-305 WHT. 

• Chapter 3 gives a brief discussion about the maximum power point tracking method. 

• Chapter 4 discuss the theory of DC-DC boost converter and its control. 

• Chapter 5 discuss the theory of voltage sourced converter and its control for three 

phase grid integrated PV system 

• Chapter 6 shows the simulation and results of the designed model. 

And finally Chapter 7 concludes the thesis and discuss about the future work in 

connection with a PV array connected to a grid. 
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CHAPTER 2 

MODELING OF PHOTOVOLTAIC DEVICES 

 

The Photovoltaic device is the heart of the PV system i.e. the main source of energy in the 

system. So it is very important to understand the working principle of a PV array. The ability 

to produce electrical energy by means of converting solar energy is called Photovoltaic 

property. A simple solar cell consists of solid state p-n junction fabricated from a 

semiconductor material. When sunlight hits the solar cell the energy from the photons creates 

free charges that are separated by the electrical field, creating a potential so that when a load 

is placed between the terminals of the PV module a photo current (IPV) is created. The most 

common material used in photocells today is silicon (Si) divided in mono-crystalline, 

polycrystalline, and amorphous forms. The amount of energy they can deliver changes 

depending on the material of the cell and the incidence of sunlight. To develop a model of 

solar cell it is important to evaluate the effect of different factors on the solar panels and to 

consider the characteristics given by the manufacturers in the datasheet. It is to be noted that 

to form a PV module, a set of cells are connected in series or in parallel. PV arrays are built 

up with combined series parallel combinations of several PV modules. Thus, the 

mathematical models for PV array can be attained from the equivalent circuit of the PV cells. 

 

2.1 The Photovoltaic Cell 

 

A simple equivalent circuit of a solar cell is a current source in parallel with a diode as seen 

in Fig. 2.1. The two parameters used to model and characterize a PV cell are: the open circuit 

voltage (VOC) and the short circuit current (ISC). The VOC is the maximum voltage which a 

solar cell can provide at zero current. The ISC is the maximum current which a solar cell can 

provide at zero voltage. 
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Fig. 2.1 Ideal single diode model 

 

A diode is connected in anti-parallel with the light generated current source. The output 

current I is obtained by Kirchoff law: 

I=Iph-Id                    2.1.1 

Here Iph is the photocurrent, Id is the diode current. Id is given by the following equation:  

0 exp 1d
T

V
I I

V

  
= −  

  
                     2.1.2 

VT = k.Tc/q                        2.1.3 

Where 

• I0= reverse saturation current or leakage current  

• V= diode voltage 

• q= electron charge (1.602x10-19C) 

• k= Boltzmann constant 1.381x10-23 J/K 

• T= temperature (Kelvin) 

• I= output current 

Therefore combining the equations (2.1.1) & (2.1.2) yields  

 

0 1c

qV

kT
phI I I e

 
= − − 

  
                                                                                           2.1.4 
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2.2 The Photovoltaic Module 

 

A typical solar cell produces less than 0.5 V. Therefore to have adequate power output at 

suitable voltage level, cells are connected in series-parallel combination to form a PV 

module. The same basic modeling equations as in a PV cell are also followed by the module. The 

simple PV cell model neglects to take into consideration a series of parameters that create an 

accurate model. They are: 

1. .RP: Parallel resistance that accounts for the loss associated with a slight leakage 

current through a parallel resistive path to the device. RP is neglected in most of the 

models because its effect isn’t noticeable unless a large amount of cells are connected 

in parallel. 

2. RS: Series resistance that accounts for any resistance in the current paths through the 

semiconductor material, the metal grid, contacts and currents controlling the system. 

This value also accounts for the loss associated with connecting a number of cells in 

series. 

3. NS: Number of PV cells connected in series 

4. a: Diode ideality factor, is considered constant 

 

Taking into all these additional elements mentioned above the equation 2.1.4 changes to 

0 exp 1 S
PH

S P

V IRqV
I I I

aN kT R

   += − − −  
  

                                                            2.2.1 

The equivalent circuit of a solar cell is depicted below. 

 

Fig. 2.2.1 Practical model with RS 
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Fig. 2.2.2 Practical model with RS and RP 

 

It is considered that parameters Iph, I0, Rs, Rp are dependent on the incident solar irradiation 

and cell temperature [11]. The current generated by the solar cells IPV can be approximated 

with the short circuit current (ISC). 

The equation of the photocurrent can be written as: 

 

( )ph SC i ref
ref

G
I I K T T

G
 = + −                                                                               2.2.2 

Where 

• ISC= is the light generated current 

• Ki= co-efficient temperature of short circuit current per degree. 

• T= Temperature in Kelvin 

• Tref= reference temperature in Kelvin 

• G= irradiance (W/m2) 

• Gref= nominal irradiance (usually 1000 W/m2) 

The reverse saturation current I0 of PV module is: 

3

0

1 1
exp g

on
r r

qET
I I

T ak T T

     
= −    

     
                                                                 2.2.3 

 

In the above equation Eg is band gap energy of the semiconductor device and Ion is the 

saturation current. 

exp 1

SC
on

OC

S

I
I

qV

N kaT

=
  

−  
  

                                                                                             2.2.4 
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2.3 Modeling of Photovoltaic Array 

 

A PV Array is a collection of PV modules. It follows the same basic modeling equations. In 

literature [10, 11, 13, 16, 26 and 29] different types of PV models are developed. For the 

purpose of this research we will be using the method described in [11]. The model consists of 

finding the characteristic curve of the PV module from the datasheet. The manufacture’s data 

sheet on PV modules usually provides the following parameters: 

 

1. VOC(V) : Open Circuit Voltage 

2. ISC(A)   : Short Circuit Current 

3. Vmp (V) :Voltage at maximum power point 

4. Imp (A)  :Current at maximum power point 

5.   KV             : Temperature co-efficient of VOC  

6.   Ki                : Temperature co-efficient of ISC 

7.   Pmp             : Power at maximum point 

In order to make the proposed model more credible, RP and RS are chosen so that the 

computed max power Pmp is equal to the experimental value Pmp.ex at standard test condition 

(STC). So it is possible to write the next equation: 

 

Imp.ref = Pmp.ref / Vmp.ref = Pmp.ex/Vmp.ref 

 

. 0

. .
exp 1mp mp S mp s mp

mp ex mp ph
P

V I R V R I
P V I I

a R

  +  +  = − − −   
     

              2.3.1 

 

 

.

.
exp exp

mp mp S
P

mp S mp OC mpOC
sc sc sc

mp

V I R
R

V R I V PV
I I I

a a V

+
=

  + −    −  − + −               

                                2.3.2 

The iteration starts at RS=0 which must increase in order to move the modeled Maximum 

Power Point until it matches with the experimental MPP. The corresponding RP is then 

computed. 
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2.4 Simulink Model 

 

The simulation is performed using the Matlab/Simulink software. The matlab model of 

photovoltaic array is based on [11]. First modeling of equation 2.2.2 as seen in Fig 2.4(a) 

followed by modeling of equation 2.2.3 in fig 2.4 (b). The values of RS and RP were 

calculated from equation 2.2.1. 

 

 

 

Fig: 2.4 (a) Detailed Iph Implementation 
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Fig: 2.4 (b) Detailed Io implementation 

 

Fig: 2.4(c). Detailed model with RP 



13 
 

 

Fig: 2.4(d) The PV array model 

 

2.5 Validation of the Model 

 

To validate the model SunPower SPR-305 PV module was simulated. Its response was 

compared with the datasheet information provided by the manufacturer. The experimental 

value extracted from the datasheet is summarized in Table 2.1.  In the table it shows the 

characteristics of the SPR-305 at 250C. Both relevant plots: Current vs Voltage and Power vs 

Voltage were computed for different values of irradiance and temperature.  

 

Table. 2.1. Datasheet parameters for SunPower SPR-305 

Irradiance (W/m2) 1000 

Maximum Power (W) 305 W 

Voltage at Maximum Power (Vmp) (V) 54.7 V 

Current at Maximum Power (Imp) (A) 5.58 A 

Open Circuit Voltage (VOC) (V) 64.2 V 

Short Circuit Current (ISC) (I) 5.96 A 

Temperature Co-efficient of VOC (Kv)  (V/0C) -0.177 

Temperature Co-efficient of ISC (Ki) (A/0C) 0.003516 

No. cells in series (NS) 5 

 

The simulation was repeated for three different temperature values at (25-75)0C and for 

irradiance varying from 250 W/m2 to 1000 W/m2. 
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2.5.1 Current vs Voltage characteristics of a PV module 

Fig 2.5.1 (a) shows the current voltage characteristics of a PV panel. It is a nonlinear curve. It 

shows that the maximum current is 5.58 A and maximum voltage is 54.7 V. Fig 2.5.1 (b) 

shows the IV curve for different values of irradiance. 

 

 

Fig: 2.5.1 (a) IV curve of PV module SunPower SPR-305-WHT 

 

Fig 2.5.1 (b) IV curve for different values of irradiance. 
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Fig: 2.5.1 (c) IV curve for different values of temperature. SunPower SPR-305-WHT 5 series 
modules, 66 parallel strings 

 

2.5.2 Power vs Voltage characteristics of a PV module 

Fig 2.5.2 (a) shows the Power vs Voltage characteristics of the SunPower SPR-305-WHT 

module. The maximum power of a single module is 305 W. Fig 2.5.2 (b) shows the variation 

of power with different values of irradiance. 

 

                             Fig: 2.5.2 (a) PV curve for module SunPower SPR-305-WHT 
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 Fig: 2.5.2 (b) PV curves with different values of irradiance. 

 

Fig: 2.5.2 (c) PV curve with different values of temperature of PV array. SunPower SPR-305-
WHT 5 series modules, 66 parallel strings 

 

Fig 2.5.1 (c) and Fig. 2.5.2 (c) shows the IV curve and PV curve of SunPower SPR-305-

WHT array with 5 numbers of series connected strings and 66 parallel connected strings with 

different values of temperatures and sun irradiance of 1000 W/m2. 

Table 2.2 Characteristics for 100 kW Photovoltaic Array at sun irradiance 1000 W/m2 

Number of  Series connected modules (Ns) 5 

Number of Modules in Parallel (Np) 66 

Maximum Output Voltage at MPP (Vmp) 273 V 

Maximum Power Output at MPP (Pmp) 100 kW 
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Fig. 2.5.3(a) and (b) show the IV curve and PV curve of the SunPower SPR-305-WHT array 

at standard test conditions i.e, irradiance of 1000 W/m2 and temperature of 25° C. 

 

 

 Fig: 2.5.3 (a) IV curve of SunPower SPR-305-WHT array 

 

 

 Fig: 2.5.3 (b) PV curve of SunPower SPR-305-WHT array 
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CHAPTER 3 

MAXIMUM POWER POINT TRACKING (MPPT) 

 

The output power of the PV module changes with variation of sun irradiance and ambient 

temperature. In the previous chapter the nonlinear response characteristic of the PV module 

could be observed. There is a single maxima point of the power vs voltage curve that 

corresponds to a specific voltage and current. As we know that the efficiency of a solar cell is 

around 8-15% [31], it is desirable to operate the module at the peak power point so that the 

maximum power can be delivered to the load under different environmental condition, i.e. 

varying temperature and irradiation levels. 

The location of the maximum power point (MPP) is not known but needs to be located. Many 

MPPT methods have been developed and implemented for research and commercial 

purposes. The methods vary in complexity, cost, implementation hardware, sensors required, 

convergence speed and range of effectiveness [33]. 

 

3.1 MPPT Algorithm 

MPPT algorithms are based on measurement of the PV module output voltage and current. 

This algorithm calculates the PV power and defines if the control parameter needs to be 

increased or decreased. This control parameter is generally a duty ratio for the switching 

signal of a DC/DC converter, or it could be a reference signal for a controller. 

 

3.1.1 Model based Algorithm 

MPPT with Fractional open-circuit voltage method 

This method uses the approximately linear relationship between MPP voltage (Vmp) and open 

circuit voltage (VOC) of the PV array under different irradiation and temperature [33].  

1mp OCV k V≈                                                                                                                       3.1 

where k1 is a constant of proportionality and it is dependent on the characteristics of the PV 

array. The value of k1 is in between 0.71 to 0.78. It has to be determined beforehand for 

determining Vmp for the specified PV array at the different values of irradiance and 

temperature.  
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MPPT with Fractional short-circuit current method 

As in the previous method, here also there is a relationship between MPP current (Imp) and 

short circuit current (ISC) of the PV array under different irradiance and temperature levels. 

2mp SCI k I≈                                                                                                                       3.2 

Here k2 is constant of proportionality, and it has to determined according to each PV array, as 

was with k1 in the previous method. The value of the constant is in between 0.78 to 0.92 [33]. 

Both methods are easy to implement and cheap, but there is excessive power loss and the 

efficiency of the PV panel is very low due to inaccurate determination of the constant k1 and 

k2.  

Among various MPPT methods used the two most widely used methods are Incremental 

Conductance (INC) method and Perturbation and Observation (P&O) methods. 

3.2 Perturbation and Observation (P&O) Method 

This is one of the most conventional methods of MPPT algorithm. As the name implies this 

method will perturb the system by increasing or decreasing the output terminal voltage of the 

PV array and compare the result with value obtained in the previous perturbation cycle. If the 

perturbation leads to an increase or decrease in the output array power, then the subsequent 

perturbation is made in the same or opposite direction. In this way the power tracker 

continuously finds the peak power condition. In this algorithm the voltage V is constantly 

perturbed with every step calculation meaning V will oscillate around the ideal voltage Vmp. 

To keep small power variation the perturbation size is also kept small, which leads to an 

obvious drawback as the time required to reach the peak power point is large. If the variation 

is large, then the oscillation around the Vmp will be larger, causing power loss.  

The value of the optimal step size is unique to every system. The starting value of duty cycle 

is set at 50%. The process is repeated until the MPP is reached. So the system oscillates 

around the MPP. This problem can be minimized by reducing the perturbation step size [33]. 

Fig. 3.1 explains the flow chart of perturb & observe method. Photovoltaic voltage and 

current are the input and output power is calculated from these two parameters. The sign of 

the output power determines the duty cycle output of the MPP controller. Duty ratio of the 

boost converter is the control variable. Perturbing the duty ratio of the converter perturbs the 

PV array current and consequently perturbs the PV array voltage. 
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Measure V(t) and I(t)

Calculate Power P(t)

P(t)=V(t)*I(t) 

ΔP>0

ΔV<0ΔV<0

NoYes
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NoYes

D=D+ΔDD=D-ΔD

No
Yes

Return

 

Fig: 3.1 Flow chart of P& O method. 

 

This is a complete flowchart of P & O method for one complete cycle. The computational 

steps are as follows: 
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• Step 1: Measure the voltage and current, from the output of PV array and calculate the 

power from it. 

• Step 2: Compare the calculated power with the power obtained in the last perturbation 

cycle. 

• Step 3: Check the nature of change in power and also the change in corresponding 

voltage. 

• Step 4: Control the voltage change by changing the duty ratio. 

• Step 5: Return the value. 

3.1.3 Incremental Conductance Method 

The incremental conductance method seeks to overcome the limitations of the Perturb & 

Observe method. This algorithm uses the condition that the derivative of power with respect 

to voltage at the maximum power point is zero. In this method the current changes with the 

change in irradiance and temperature. In the incremental conductance method the PV model 

operates at maximum power when the reference voltage is reached. The algorithm tracks the 

new MPP with varying the duty cycle. 

The equations written below are describes the incremental conductance algorithm 

*P V I=                                                                                                                                   3.1 

Deriving both sides with respect to V, we have: 

( ).d V IdP

dV dV
=  

* *
dP dI dV

V I
dV dV dV

   = +   
   

 

*
dP dI

I V
dV dV

 = +  
 

                                                                                                                 3.2 

Since, it is known that 

0
dP

dV
=                                                                                                                         3.3 

Now it can be written as: 
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dI I

dV V
= −

    
At MPP                                                                                                               3.4 

dI I

dV V
> − ;  left of MPP                                                                                                       3.4.a 

dI I

dV V
< − ;  right of MPP                                                                                                     3.4.b 

From equation 3.4 it can be written that  

0
dI I

dV V
+ =                                                                                                                         3.5 

Here equation (3.5) is used and its output is fed to an integral regulator which corrects the 

duty cycle. The incremental regulator minimizes the error
dI I

dV V
 + 
 

. The duty cycle is 

varied and this variation varies the boost converter voltage. The PV array will operate at 

maximum power with the duty cycle controlled through MPPT controller. 

 

Fig: 3.2 PV curve of SunPower SPR-305-WHT 
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        Fig: 3.3 Flow chart of Incremental Conductance Algorithm 

 

This is the flowchart of INC method. The computational steps are as follows. 
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• Step 1: Measure the voltage and current from the PV array and calculate the power 

• Step 2: First calculate the change in current. Then check the voltage change. 

• Step 3: If there is no voltage change then verify the current, if there is no change then 

go to step 7 

• Step 4: If there is a change in current, then verify whether it is increasing or 

decreasing, if increasing then reduce the duty ratio, and if it is decreasing then 

increase the duty ratio and go to step 7 

• Step 5: If there is some change in voltage then check the change in current with 

respect to voltage and compare it with the ratio of current to voltage. If it is equal to 

the I/V ratio then go to step 7 

• Step 6: If the dI/dV is increasing to I/V then reduce the duty ratio and to go to step 7, 

if dI/dV is decreasing to I/V then increase the duty ratio and go to step 7 

• Step 7: Return the value. 

For the purpose of the thesis work the SIMULINK representation of this INC MPPT method 

is shown and discussed in Chapter 6. 
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CHAPTER 4 

DC-DC BOOST CONVERTER 

 

The PV array produces DC voltage at its output terminal. The DC-DC converter converts the 

output voltage from PV array into a higher value of DC voltage. The maximum power point 

tracker controls the DC-DC converter to track the voltage at the maximum power point.  

 

Fig: 4.1 DC-DC Boost Converter 

The above figure shows the boost converter. The DC input is in series with an inductor L 

which acts as a current source. IGBT is in parallel with the current source and is switched on 

and off periodically. The voltage ratio for a boost converter is the time integral of the 

inductor voltage over a switching period to zero [24]. The voltage ratio of the converter can 

be written as: 

0 1

1
s

i off

V T

V t D
= =

−
                                                                                                                      4.1 

Where, 

• Vi= Input voltage V 

• V0= Output voltage 

• toff= Off time of the IGBT 

• Ts= Switching period 

• D= The duty cycle 

The value of the capacitor C2 at the output terminal is chosen to be large to keep a constant 

output voltage, and when the switch is open the inductor supplies energy boosting the voltage 
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across the load. The MPPT controller controls the switching device through the duty cycle. It 

is a gate signal that turns on and off the device by pulse width modulation.  

 

Fig: 4.1 (a) IGBT is ON and diode D1 is OFF 

 

Fig: 4.1 (b) IGBT is OFF and diode D1 is ON 

In Fig. 4.1(a) IGBT is on and diode D1 is off, whereas in Fig. 4.1(b) the IGBT is off and 

diode D1 is on. In this mode, the energy is stored in the inductor along with DC supply. This 

will help to supplement power for the circuit resulting in a boost for the output voltage. 

L iv V=  ; When IGBT is on 

0L iv V V= −  when IGBT is off and diode D1 is ON  

Under stabilized condition the integral of the inductor voltage over the time period TS has to 

be zero 

So,  

( )( )0

0

( ) ( ) 1
ST

L i S i Sv t dt V DT V V D T= + − −∫  
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If we equate this to zero, we get 

0 1
iV

V
D

=
−

 

Since ( )0iP P=  

0 1
i

I
D

I
= −  

From the above relationship it can be stated that the output voltage is proportional to the duty 

cycle D. The output voltage increases as D increases. Thus the boost converter can produce 

the output voltage higher than the input voltage. 

This converter can operate in two different modes - continuous conduction mode (CCM) and 

discontinuous conduction mode (DCM). 

4.1 Continuous Conduction Mode (CCM): 

In the CCM mode the IGBT switched on for a period ton as shown in figure 4.2. The inductor 

current is positive and ramp up linearly and the inductor voltage is Vi. The inductor current 

decrease until the IGBT is turned on again during the next cycle. The voltage across the 

inductor is the difference between Vi and V0.    

 

Fig: 4.2 Continuous Conduction Mode [24] 
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4.2 Discontinuous Conduction Mode (DCM): 

If the current flowing through the inductor falls to zero before the next turn-on of the 

switching IGBT, then the boost converter is said to be operating in the discontinuous 

conduction mode. 

The relation between the input and output voltage become 

0 1

1i

V D D

V D

+=  

The average input current which is equal to the inductor current is [24] 

( )12
i

i S

V
I DT D D

L
= +  

 

Fig: 4.3 Discontinuous Conduction Mode [24] 

Figure 4.4 briefly explains the output current and output voltage of the boost converter. The 

control voltage for IGBT is shown. The switch turns ON and OFF for a period of ton and toff. 

When the switch is on, the voltage across the switch is zero and once the switch is turned off, 

the voltage is V0. The voltage across the inductor L is equal to the photovoltaic voltage 

during the on time of the transistor. 

 

 

  



29 
 

 

Fig: 4.4 
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CHAPTER 5 

INVERTER TOPOLOGY 

 

The main purpose of the inverter is to convert the DC voltage obtained from DC-DC 

converter into a symmetrical ac output voltage of desired magnitude and frequency. By 

varying the gain of the inverter a variable output voltage can be obtained, which is 

accomplished by pulse width modulation (PWM) control within the inverter. The gain of the 

inverter may be defined by the ratio of the ac output voltage to dc input voltage. For higher 

power application three-phase inverters are normally used. Three single-phase inverters can 

be connected in parallel as shown in Fig 5.1 

 

Fig: 5.1 Three phase inverter 

  

Power electronic inverter is often known as power conditioning unit. It connects the utility 

grid with the PV source. Selection of a proper power electronic arrangement reduces the 

number of stages in the system, which makes the whole system more economical. Reference 
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[35] provides a survey on the structure of power electronic interface used in three-phase grid 

connected PV systems on how the boost converter is controlled. After thorough investigation 

of various inverters, VSI has been found to be the most suitable for integrating PV arrays into 

the utility grid. Fig 5.2 (a) gives a schematic diagram of VSI topology connected to three 

phase grid.  

 

Fig: 5.2 (a) Voltage Source Inverter 

VSI topology provides a simple and effective control technique and well established Pulse 

Width Modulation techniques. One major drawback of VSI is the buck topology. VSI 

requires sufficiently high voltage for proper functioning. Therefore boost converter is 

employed between the DC source and VSI during low input voltage. Fig 5.2 (b) shows the 

connection between the VSI and a boost converter. On the other hand, the topology that has 

been less investigated and adopted when compared with VSI for grid-interface application is 

Current Source Inverter (CSI) topology. Fig 3.2 (c) shows the schematic diagram of CSI. 

Recently a new topology named “Impedance-Inverter” or Z-source inverter has been adopted 

for interfacing distributed generation. The special feature of this type of inverter is that it 

overcomes the limitations of the traditional VSI and CSI scheme and it can capable to 

perform the operations in both buck and boost modes. Applications of Z-source inverter in 

the grid connected PV system is at a very early stage. Since this type of inverter is capable of 

operating in both buck and boost mode, a comparative study between buck boost inverter and 

Z-source for PV application is carried out in [36]. In [36] it is shown that the efficiency of Z-

source inverter drops more rapidly for high loads compared to that of buck-boost converter. 

Though the Z-source inverter can operate both in step up and step down mode it brings more 

complexity compared with single stage grid connected PV system based on VSI or CSI. 
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Fig: 3.2 (b) Voltage Source Inverter with a boost converter 

 

Fig: 5.2 (c) Current Source Inverter 

Due to lower efficiency CSI scheme lags behind that on VSI in DG application. High energy 

losses in DC-link inverter and less investigated appropriate PWM switching strategies are its 

drawback. Recent developments in RB-IGBT (Reverse blocking Insulated Gate Bipolar 

Junction Transistor) have contributed towards reduced conduction losses in CSI. RB-IGBT is 

special type of IGBT whose structure is similar to conventional IGBT except for the fact that 

it has a collector isolation area that allows the IGBT to block reverse voltage. 

5.1 Comparison between CSI and VSI scheme 

The CSI topology offers so many advantages over the VSI topology from the viewpoints of 

short circuit current limiting, harmonics and losses. CSI offers direct controllability of the 

output current. Moreover CSI provides high reliability due to inherent short circuit current 

protection capability. The DC link reactor, which is the link between DG and inverter has 

longer lifetime in CSI than in VSI. As mentioned in the above a high input voltage is required 

for stable operation of VSI. Hence grid connected VSI may require an additional DC-DC 

boost converter if a transformer is not used. However VSI offers some advantages over CSI 

topology regarding efficiency and ease of control. The control scheme and pulse width 

modulation techniques for VSI topology are more established and more thoroughly 

investigated when compared to those for CSI. For FACTS (Flexible AC Transmission 
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System) application, [37] presents a systematic comparison of these two topologies VSC 

(Voltage Source Converter) and CSC (Current Source Converter). In [39] there is a 

comparison between VSC boost converter topology with a single stage CSI topology with 

IGBT switches. Here the analysis shows that in terms of losses IGBT based voltage source 

converter combined with boost converter scheme is more advantageous compared to current 

source inverter for fuel cell application. Owing to this advantage and more established PWM 

technique, for our work, VSI has been used to interface the PV array with the utility grid. 

5.2 Voltage-Sourced Converter (VSC) 

 

Fig: 5.3 Circuit diagram 

This is the basic circuit diagram of single phase two level voltage source converter. It 

comprises an upper switch cell and a lower switch cell. Each switch cell is composed of a 

fully controllable, unidirectional switch in antiparallel connection with a diode. The DC 

system that maintains the net voltage of the split capacitor can be a DC source battery or a 

more elaborate configuration such as the DC side of the converter. The switched AC voltage 

at any instant is either at the voltage of p node or at the voltage of node n depending on which 

cell is on. The fundamental component of the AC side voltage is usually controlled based on 

a pulse width modulation (PWM) technique [28]. 
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Fig: 5.4 VSC interfaced system 

Fig. 5.4 above shows the Voltage source converter (VSC) interfacing the PV system with the 

AC grid. VSC convert the DC voltage obtained from the DC-DC converter into AC voltage. 

VSC is connected through two identical DC link with the boost converter. Midpoint link is 

chosen for voltage reference node. The connection between the AC side terminal and supply 

system is established through an interface reactor consisting of a series combination of 

resistance and inductance. The voltage at AC side of VSC is a switched waveform and 

contains voltage ripple. Thus the interface reactor acts as a filter and ensures a low ripple AC- 

side current [28]. 

5.3 Control of Voltage Sourced Converter 

 

Fig: 5.5 Model of VSC Controller 

Fig. 5.5 shows the detailed Simulink model of VSC controller. The VSC control system uses 

two control loops: an external control loop which regulates DC link voltage and an internal 

control loop which regulates Id and Iq grid currents. Id (active current component) current 

PV 

+ 

BOOST 

converter 
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reference is the output of the DC voltage external controller. Iq (reactive current component) 

current reference is set to zero in order to maintain unity power factor. Vd (active voltage 

component) and Vq (reactive voltage component) voltage outputs of the current controller are 

converted to three modulating signals Uabc_ref used by the PWM Generator. 

 Compared to the abc-control frame, the αβ - control frame of a grid-imposed frequency 

VSC systems reduces the number of plants to be controlled from three to two. Moreover, 

instantaneous decoupled control of the real and reactive power, exchanged between the VSC 

system and the AC system is possible in αβ -frame. dq - control frame of a grid imposed 

VSC system features all the merits of αβ - frame, in addition to the advantage that the control 

variables are DC quantities in steady state. This feature facilitates the compensator design, 

especially in variable frequency schemes. In the dq - control frame, zero steady state error is 

readily achieved by including integral terms in the compensator since the control variables 

are DC quantities. Compared to the αβ - control frame the dq - control frame requires a 

synchronizing mechanism that is usually achieved through the phase locked loop (PLL). This 

mechanism is used in this control scheme. 

 

Fig: 5.6 

Fig. 5.6 shows the detailed model of phase locked loop (PLL) block. This block provides a 

synchronization mechanism. In the dq frame, the PLL block estimated the angle of grid 

voltage. The real and reactive component voltage is transformed to d (real) and q (reactive) 

axis component 

Two main methods exist for controlling active power and reactive power in the VSC system. 

One is voltage mode control and another is current mode control. The voltage mode control is 
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simple and has a low number of control loops. In the current mode control mode real and 

reactive power are controlled by the line current component Id and Iq. The feedback and 

feed-forward signals are first transformed to the dq -frame and then processed by 

compensators to produce control signals in dq -frame. Finally the control signals are 

transformed to the abc-frame and fed into VSC. 

Fig 5.7 shows the model of voltage regulator. A proportional integral (PI) compensator is 

used to track the reference value of current. 

 

Fig: 5.7 Model of Voltage Regulator 
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Fig: 5.8 Model of Current Regulator 

Fig. 5.8 shows the block diagram of current regulator block. 

Where  

0tot x chokeL L f L= +                                                                                                                 5.1(a) 

0tot x chokeR R f R= +                                                                                                                5.1(b) 

• xL , xR  = Transformer leakage inductance and resistance 

• chokeL , chokeR =  inductance and resistance of series RL branch 

( ) ( ) * * ( )d conv d mes d q d

d
V V I R I L L I

dt
= + − +                                                                               5.2 

( ) ( ) * * ( )q conv q mes d q q

d
V V I L I R L I

dt
= + + +                                                                                5.3 

Where  

Vd(conv) and Vq(conv) are the converted voltage 

Vd and Vq are the output signals of current controller which is converted to three modulating 

signals and it is delivered to pulse width modulation signal generator through a unit delay 
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keeping the modulation index (m) not greater than 1. Fig. 5.9 shows the detailed model of 

PWM generator block of the voltage source converter.  

 

Fig: 5.9 
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CHAPTER 6 

SIMULATION AND RESULTS 

The photovoltaic model in chapter 2 is used to determine the performance of the photovoltaic 

system with boost converter and voltage sourced converter, while being connected to the 

utility grid. The following sections deal with each and every aspect of simulating the MPPT 

algorithm to the utility grid. 

6.1 Simulation of MPPT Algorithms 

In chapter 3 the Incremental Conductance MPPT algorithm was introduced and discussed. 

The following section describes the SIMULINK model of this method. The output of this 

MPPT algorithm controls the duty cycle of boost converter and thus helps in tracking the 

maximum obtainable power from the PV arrays under varying irradiance and temperature. 

6.1.2 Incremental Conductance (INC) Method 

Figure 6.1(a) and 6.1(b) shows the Simulink model of INC algorithm and the corresponding 

generation of pulses to control the DC-DC boost converter. The voltage and current obtained 

from the PV array are fed to the MPPT algorithm as input signals. The differential value of 

current and voltage is obtained by the Fourier transformation block of input signal. Simulink 

switches are employed here to route the signals in desired way by comparing them with their 

threshold value. In Fig 6.1 (a) we see that the derivative of input value along with mean value 

of the input quantities are fed to an addition block. After that a switching operation is 

performed. The value is then fed to a dead zone block to compare both the signals. After 

increasing the gain the output of the dead zone block is fed to discrete time integrator. 

 

Fig: 6.1 (a) 
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Fig: 6.1 (b) MPPT block for Incremental Conductance Method 

The purpose of this integrator is to minimize the error 
dI I

dV V
 + 
 

 , thus making the sum as 

close to zero as possible and hence ensuring that the PV array always operates near the 

maximum power point. The on/off port takes input from the user and accordingly the user can 

operate maximum power tracker at desired time. In this case it is kept at 0.0 sec.  

6.2 Simulation of Boost Converter 

Fig 6.2(a) shows the Simulink model of boost converter. Photovoltaic output voltage is the 

input voltage to the boost converter. The MPPT controller sends the switching command to 

the transistor of the boost converter.  

 

Fig: 6.2(a) DC-DC Boost Converter 

 

The maximum power point controller block as used in the incremental conductance method is 

shown in figure 6.1 (b). The voltage and the current of the photovoltaic array are the input, 

and the duty cycle is the output. The duty cycle is compared to a saw tooth wave signal to 
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generate the PWM as shown in Fig 6.2 (b). The sampling frequency of the sawtooth 

waveform generator is 5000 Hz. The desired duty cycle can be entered into the PWM 

generator as can be seen from the Dinit block in Fig. 6.1(a). In our case the Dinit value is 0.5. 

 

 

Fig: 6.2 (b) 

 

6.3 Voltage Source Converter 

Fig 6.3(a) shows the block diagram of PV array connected with the AC utility grid through an 

inverter topology and fig 6.3(b) shows the model of VSC control. These two models are 

already discussed in section 5.2 and 5.3 in chapter 5. 

 

Fig: 6.3 (a) VSI 
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Fig: 6.3 (b) 

 

 

6.4 Interfacing with AC Power Supply 

The PV array is coupled with a boost converter. After that there is a power electronic 

interfacing which converts the DC quantity into AC value and is connected to the grid. This 

is seen in Fig 6.4 (a). As described earlier in chapter 5 section 5.1, the inductor reduces the 

ripple content of the inverter output voltage. The function of the capacitor bank in Fig. 6.4 (a) 

is to reduce the harmonic content of the inverter output voltage. Since the utility grid is a 10 

MVA 50 Hz system hence the 240 V filtered inverter output voltage is stepped up to 11 kV 

through a 10 kVA, 50 Hz step up transformer.  

Since the inverter output voltage will depend upon the voltage and current of the utility grid, 

hence some sort of feedback mechanism is required. This is seen in Fig. 6.3 (b). The 

Simulink model that measures the power voltage and current fed to the AC supply is shown 

in Fig 6.4 (a). The three phase voltage and current at block B1 is fed to a power positive 

sequence block to get the active and reactive power. A termination block is used here to 

terminate the reactive power signal. Two selector block is used to get the voltage and current 

of a particular phase. This is shown in Fig. 6.4 (b). 
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Fig: 6.4 (a) Simulation model of PV array connected to utility grid. 
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Fig: 6.4 (b) 

6.5 Result & Discussions 

The simulation presents an analysis of the PV array of 100 kW with boost converter 

connected with utility supply. The PV system parameter is already mentioned in Table 2.1 in 

chapter 2. Simulation run time 2.5 seconds. Sampling time is1 sµ . 

6.5.1 Power obtained from PV array 

At the beginning of simulation the sun irradiation is set at G= 1000W/m2 and temperature is 

set at 250C. The desired output power of PV array should be 100 kW at 1000W/m2 irradiance 

and 500 W at 500W/m2 irradiance. This has been achieved by our simulation model as shown 

in Fig. 6.5 (a). 

 

Fig: 6.5 (a) 
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At the end of simulation the PV array generates around 100.71 kW power at an irradiance of 

1000W/m2 and at temperature of 250C. With the variation in temperature it may vary. Fig 6.5 

(b) represents the output power of PV array. 

 

Fig: 6.5 (b) 

Fig. 6.5 (c) represents the PV array mean voltage. At end of simulation the PV mean voltage 

is 274.44 V. 

 

Fig 6.5(c) 

Fig 6.5 (d) represents the duty cycle which is being used to generate pulses to control the DC-

DC boost converter. There is a change in the duty cycle after 0.4 sec because at this moment 

the MPPT controller comes into operation and tracks the maximum power point but since the 

irradiance is constant, after this moment there is no change in the duty cycle and it remains 

fixed as shown in Fig. 6.5 (d).  
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. 

 

Fig: 6.5 (e) 

Fig. 6.5 (e) represents the irradiance. It shows that the irradiance is set at 1000kW/m2 for this 

simulation. 

 

Fig: 6.5 (f) 

Fig: 6.5(d) 
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Fig. 6.5 (f) represents the ambient temperature of the PV array. It can be seen that the 

temperature of the PV array is kept fixed at 250C.  

6.5.2 Voltage Source Converter output 

Fig 6.5 (g) shows the output of voltage source converter. The output voltage of Voltage 

source converter (VSC) is around the 500 V voltage mark as prescribed by the output of the 

boost converter. 

 

Fig 6.5 (g) 

 

Fig: 6.5 (h) 

Modulation index is the ratio of peak magnitudes of the modulating waveform and the carrier 

waveform. It relates the inverter’s dc-link voltage and the magnitude of pole voltage 

(fundamental component) output by the inverter. It must not be greater than 1. Fig. 6.5 (h) 

represents the modulation index of the inverter and it is found that the modulation index is 

well below 1 thus validating our design.  
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Fig 6.5(i) represents the power input in kW which is fed to the AC supply. It can be shown 

from the figure that the PV array will deliver 99.07 kW power to the utility grid. The figure 

shows the amount of power delivered to the utility grid.  

 

Fig. 6.5 (i) 

The irradiance is then varied as shown in Fig. 6.5(j) and the ambient temperature is kept 

constant at 25° C. The MPPT controller block of the PV array is able to track the available 

maximum power point irrespective of the variation in the irradiance and thus provide the grid 

with the required amount of power. This is shown in Fig. 6.5 (k).  

 

Fig. 6.5 (j) 
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Correspondingly the voltage output of the PV array is also varying along with the duty cycle 

of the DC-DC boost converter. Fig. 6.5 (l) and Fig. 6.5 (m) are showing these two features. 

 

Fig. 6.5 (l) 

 

 

Fig. 6.5 (k) 

Fig. 6.5 (m) 
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Figure 6.5 (n) shows the variation in the power input to the grid.  

 

Fig. 6.5 (n) 

The figures above clearly describe that our objective has been achieved. The PV array 

designed is giving the desired result of 100.71 kW power into the grid and the grid is 

receiving a power of 99.07 kW. The only drawback of this simulation is that the filtered 

inverter output voltage has a higher THD than the allowable value. This is shown in Fig. 6.5 

(o). 

 

Fig. 6.5(o) 
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CHAPTER 7 

CONCLUSION AND SCOPE OF FUTURE WORK 

7.1 Conclusion 

In this thesis, modeling of grid connected PV array using SIMULINK/MATLAB has been 

carried out. Modeling of an accurate PV cell has always appeared as a challenge, more so 

when the PV module is used to simulate PV arrays and PV Panels. This research addresses 

both issues by simulating a comprehensive model in Simulink that takes into consideration 

the most important elements in a PV cell, array or panel. From the theory of the photovoltaic 

cells, a mathematical model of the PV array has been presented. The model is entirely based 

on the datasheet parameters given by the manufacturer. Then, the photovoltaic systems with 

DC-DC boost converter, maximum power point controller connected to AC supply through a 

voltage source converter have been designed. Finally, the system has been simulated with 

Simulink /MATLAB. 

The simulation of the PV panels shows that the simulated models are accurate to determine 

the voltage current characteristics of commercially available PV panels as the characteristics 

obtained from simulation are almost the same as given in the manufacturer’s datasheet. In 

addition, with change in the irradiance or temperature, the PV array models output voltage 

and current also changes in accordance with the desired performance. The simulation shows 

that the Incremental Conductance algorithm can track the maximum power point of the PV 

array and it always run at maximum power point under varying operating conditions. The 

results showed that the algorithm delivered efficiency close to 100% in steady state.  

The contribution of this thesis includes the following: 

1. Design of Simulink PV module. 

2. MPPT method is coupled with a DC-DC boost converter in Simulink. 

3. Implementation of voltage source converter and its control using the PLL block. 

4. Model validation. 

 

7.2 Future Scope of Work 

The Simulink model of the PV array could be used in the future for extended study with 

different MPP methods and DC/DC converter topology. Different type of voltage control 

methods can be implemented to keep the boost converter output voltage ripple free. The 

simulation of PV system with various types of inverter topologies for grid interfacing can be 
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investigated. Apart from the VSI topology the CSI topology can also be investigated and 

corresponding PWM techniques can also be developed.  

Since the power electronic interfacing uses power electronic switches hence the effect of 

harmonics on the grid voltage can be studied in regard to the connection of PV system with 

the grid as the ultimate goal of each and every utility is to supply its consumer with the best 

quality power. 

The PV interfacing that we have studied is a stand-alone system. The same PV module can be 

utilized to charge a battery bank and then can be interfaced with the utility grid. This 

increases the reliability of the PV systems. Many research areas are being directed to this 

particular aspect. 

Further studies can still be done with PV system for research purposes and a detailed PV 

simulator might be useful for educational and laboratory purposes. 
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