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ABSTRACT 

The green energy is an indispensable factor in our planet, since there are environmental pollution 

and global warming which damage the human life. The most significant way is either adaptation 

or implementation of the renewable energy sources practically in order to decrease the harmful 

effects of the fossil fuels in a vast scale. Nowadays, the initial investment cost of the renewable 

resources is so high, however, they have many advantages such as free energy, clean environment, 

and high class human life in a long time.  

This paper introduces the combined energy systems which include solar, wind and battery with 

their grid integration. A DC and AC loads are implemented in the designed system. The solar 

system, wind system, battery management system and converters are modeled in Matlab/Simulink 

individually. After that they become integrated with the grid and a residential load. The wind and 

solar systems are supported by MPPT (Maximum Power Point Tracking) controllers which are 

Perturb & Observe and Fuzzy Logic. They are compared with each other in terms of their 

performance and efficiency. Also, these algorithms are analyzed at the various weather conditions. 

The battery system control method is based on the Fuzzy Logic controller to increase system 

efficiency. On the other hand, the specific market products and a residence location (Istanbul, 

Turkey) are selected for the proposed system design by using SAM software. The weather data of 

that location and specification of the equipment which are wind, solar, battery, converter, grid and 

load are transferred into HOMER software. Accordingly, a system schematic diagram is designed 

and the economic analysis is actualized with the system optimization in HOMER.  



 

iii 

 

 

 

ACKNOWLEDGMENTS 

 

I would like to offer my thanks of gratitude to Professor Mufeed Mah’d. He encouraged me during, 

not only this research, but also my professional growth. He supported me throughout my course 

work and challenging research period. I cannot perform this research study without his outstanding 

guidance and interest, which I will keep in my heart forever.  

I would like to state my appreciation to Professor Frank Tredeau and Professor Siavash Pakdelian 

for allocating their time in spite of their busy schedule, to be members of my thesis committee.  

Finally, I would like to express my gratefulness and special thanks to all my family and Elif Caner 

for putting their unabated supports behind me during the completion of this thesis.  

 

  



 

iv 

 

 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................................ vi 

LIST OF FIGURES ............................................................................................................................. vii 

LIST OF ABBREVIATIONS ............................................................................................................... xi 

CHAPTER 1 INTRODUCTION .......................................................................................................... 1 

1.1  Problem Statement........................................................................................................... 1 

1.2  Objectives ........................................................................................................................ 4 

1.3  Main Contributions .......................................................................................................... 4 

1.4  Structure of This Thesis................................................................................................... 6 

CHAPTER 2  MODELING OF PV-WIND-BATTERY HYBRID POWER SYSTEM...................... 7 

2.1  Photovoltaic Energy Conversion ..................................................................................... 7 

2.1.1  Modeling of Solar Power System ............................................................................ 9 

2.1.2  Technical Specifications and PV Characteristics by SAM and Simulink ............. 12 

2.2  Wind Energy Conversion .............................................................................................. 15 

2.2.1  Modeling of Wind Energy System......................................................................... 16 

2.3  Modeling of BOOST and Bi-Directional Converter ..................................................... 19 

2.4  Modeling of Battery ...................................................................................................... 22 

2.5  Modeling of Permanent Magnet Synchronous Machine (PMSM) ................................ 24 

CHAPTER 3  CONTROL OF WIND-SOLAR-BATTERY HYBRID POWER SYSTEM .............. 27 

3.1  Maximum Power Point Tracking Controls for Solar Power System............................. 27 

3.1.1  Perturb and Observe Control Method .................................................................... 28 

3.1.2  Fuzzy Logic Control Method ................................................................................. 30 

3.2  Maximum Power Point Controls for Wind Power System............................................ 33 

3.2.1  Perturb and Observe Control Method .................................................................... 33 



 

v 

 

3.2.2  Fuzzy Logic Control Method ................................................................................. 35 

3.3  Fuzzy Logic based Control for Battery ......................................................................... 37 

3.4  Voltage Source Converter Controller ............................................................................ 39 

CHAPTER 4 SIMULATION RESULTS & ANALYSIS .................................................................. 41 

4.1  Maximum Power Point Tracking (MPPT) for Solar Power System ............................. 41 

4.1.1  Perturb and Observe Algorithm for MPPT of 10kW PV system ........................... 41 

4.1.2  MPPT of 10kW PV system based on Fuzzy Logic Controller .............................. 42 

4.1.3  Result Discussion and Comparison ....................................................................... 46 

4.2  Maximum Power Point Tracking (MPPT) for Wind Power System ............................. 47 

4.2.1  Perturb and Observe Algorithm based MPPT of Wind Power System ................. 47 

4.2.2  Fuzzy Logic Controller for MPPT of Wind Power System ................................... 50 

4.2.3  Result Discussion and Comparison ....................................................................... 53 

4.3  Battery management system .......................................................................................... 58 

4.3.1  Fuzzy Based Battery management system ............................................................. 58 

CHAPTER 5 MARKET ANALYSIS & FINANCIAL PRESENTATION ....................................... 65 

5.1  Solar and Wind Energy Potential of Turkey ................................................................. 65 

5.2  System Design and Market Analysis ............................................................................. 68 

5.3  Financial Presentation and Optimization Results .......................................................... 70 

CHAPTER 6  CONCLUSION AND FUTURE WORK .................................................................... 76 

LIST OF REFERENCES ..................................................................................................................... 78 

Appendix A: PV Panel Datasheet ........................................................................................................ 83 

Appendix B: Wind Turbine Datasheet ................................................................................................. 84 

Appendix C: Converter/Inverter Datasheet .......................................................................................... 85 

Appendix D: Battery Bank Datasheet .................................................................................................. 87 

 



 

vi 

 

 

 

LIST OF TABLES 

 

Table 1.1 Energy consumption based on country grouping, 2012-40 (quadrillion Btu) [2] ......................... 3 

Table 2.1 Simulation Model Parameters of PV Module ............................................................................. 13 

Table 3.1 Rule Base of FLC ....................................................................................................................... 31 

Table 4.1 Efficiency of P&O Algorithm ..................................................................................................... 42 

Table 4.2 Efficiency of Fuzzy Algorithm ................................................................................................... 47 

Table 4.3 Comparison of Efficiency of P&O and Fuzzy Algorithm .......................................................... 47 

Table 4.4 Efficiency of P&O Algorithm ..................................................................................................... 50 

Table 4.5 Efficiency of MPPT Fuzzy Algorithm ........................................................................................ 57 

Table 4.6 Comparison of Efficiency of MPPT Fuzzy and P&O Algorithm ............................................... 58 

Table 5.1 System Equipment [57, 58, 59, 60] ............................................................................................. 70 

Table 5.2 System architecture and costs for 3kW PV, 1 battery bank, 10kW converter ............................ 71 

Table 5.3 System architecture and costs for 10kW PV, 2 battery bank, 10kW converter .......................... 71 

Table 5.4 System architecture and costs for 3kW wind, 1 battery bank, 10kW converter ......................... 72 

Table 5.5 System architecture and costs for 7kW wind, 1 battery bank, 10kW converter ......................... 72 

Table 5.6 System architecture and costs for 3kW wind, 3kW PV, 1 battery bank, 10kW converter ......... 73 

Table 5.7 System architecture and costs for 7kW wind, 3kW PV, 1 battery bank, 20kW converter ......... 73 

Table 5.8 System architecture and costs for 10kW wind, 3kW PV, 1 battery bank, 20kW converter ....... 74 

Table 5.9 System architecture and costs for 10kW wind, 10kW PV, 2 battery bank, 20kW converter ..... 74 

Table 5.10 System architecture and costs for 7kW wind, 10kW PV, 2 battery bank, 20kW converter ..... 75 

 

 



 

vii 

 

 

 

LIST OF FIGURES 

Figure 1.1 Electricity generation by energy sources in world 2012-40 [1] .................................... 2 

Figure 1.2 Proposed energy generation system with AC-DC microgrid ........................................ 5 

Figure 2.1 PV Cell, PV module, PV array Demonstration. [11] .................................................... 9 

Figure 2.2 PV module equivalent circuit. ..................................................................................... 10 

Figure 2.3 I-V and PV characteristics curve of PV model ........................................................... 13 

Figure 2.4 I-V and PV curves of PV array at various temperatures and 1000 W/m2 irradiance. . 14 

Figure 2.5 PV Module characteristic and parameters by SAM .................................................... 14 

Figure 2.6 Monthly variation of solar irradiation levels ............................................................... 15 

Figure 2.7 Wind system structure [21] ......................................................................................... 15 

Figure 2.8 Power curve of wind turbine by SAM ......................................................................... 16 

Figure 2.9 Wind Turbine Simulink model .................................................................................... 17 

Figure 2.10 Wind turbine characteristics at β = 0 and different speeds ........................................ 18 

Figure 2.11 Cp value demonstrations at various pitch angles ...................................................... 18 

Figure 2.12 Circuit diagram of BOOST Converter [25] ............................................................... 19 

Figure 2.13 Switching modes of the BOOST converter circuit [24]. ........................................... 20 

Figure 2.14 PV array connected BOOST Converter. ................................................................... 21 

Figure 2.15 Bidirectional DC-DC converter circuit for Battery. .................................................. 22 

Figure 2.16 Simulink Battery ........................................................................................................ 23 

Figure 2.17 Battery equivalent circuit [30] ................................................................................... 23 

Figure 2.18 SOC of Lead-Acid Battery [30] ................................................................................ 24 



 

viii 

 

Figure 2.19 Equivalent circuit of PMSM [31] .............................................................................. 25 

Figure 2.20 Simulink PMSM model ............................................................................................. 26 

Figure 3.1 PV array output characteristic curves [34] .................................................................. 28 

Figure 3.2 Block diagram of P&O ................................................................................................ 28 

Figure 3.3 Flow chart of P&O algorithm ...................................................................................... 29 

Figure 3.4 Simulink design of solar system with P&O (MPPT) control ...................................... 30 

Figure 3.5 Membership function for inputs and outputs of FLC [27] .......................................... 31 

Figure 3.6 Fuzzy Logic Controller Structure ................................................................................ 32 

Figure 3.7 Simulink design of solar system with FLC ................................................................. 32 

Figure 3.8 MPP demonstration for wind power system [37] ........................................................ 33 

Figure 3.9 Simulink design of wind system with P&O control .................................................... 35 

Figure 3.10 FLC based wind MPPT control mechanism [36] ...................................................... 36 

Figure 3.11 Simulink design of wind system with FLC ............................................................... 36 

Figure 3.12 Fuzzy control diagram for SOC of battery ................................................................ 37 

Figure 3.13 Fuzzy logic controller based battery system Simulink design .................................. 38 

Figure 3.14 Simulink model of Voltage source converter controller ........................................... 39 

Figure 3.15 Phase Locked Loop Simulink model ......................................................................... 40 

Figure 4.1 P&O Algorithm based MPPT of 10kW PV system output waveform ........................ 42 

Figure 4.2 Fuzzy controller based MPPT of PV System design................................................... 43 

Figure 4.3 Fuzzy Input membership function (PV Voltage) ........................................................ 43 

Figure 4.4 Fuzzy Input membership function (PV Current) ......................................................... 44 

Figure 4.5 Fuzzy output membership function (Duty Cycle) ....................................................... 44 

Figure 4.6 Fuzzy Rules for MPPT Controller of PV System ....................................................... 45 



 

ix 

 

Figure 4.7 Fuzzy Surface view for MPPT Controller of PV System............................................ 45 

Figure 4.8 Fuzzy based 10 kW PV System Output Power Waveform at various irradiance ....... 46 

Figure 4.9 Fuzzy based 10 kW PV System Output Voltage Waveform at various irradiance ..... 46 

Figure 4.10 WECS Voltage and Current RMS waveform ............................................................ 48 

Figure 4.11 WECS Power output and Wind Speed waveform ..................................................... 48 

Figure 4.12 WECS generator RPM and Duty Cycle waveform ................................................... 49 

Figure 4.13 WECS Power output waveform at various Wind Speed ........................................... 49 

Figure 4.14 WECS Power output waveform at various Wind Speed ........................................... 49 

Figure 4.15 Fuzzy based WECS MPPT design ............................................................................ 51 

Figure 4.16 Fuzzy input membership function for WECS (Wind Voltage) ................................. 51 

Figure 4.17 Fuzzy input membership function for WECS (Wind Current) ................................. 51 

Figure 4.18 Fuzzy output membership function for WECS (Duty Cycle) ................................... 52 

Figure 4.19 Fuzzy controller Rules for WECS MPPT ................................................................. 52 

Figure 4.20 Fuzzy controller surface view for WECS MPPT ...................................................... 53 

Figure 4.21 WECS Voltage and Current RMS waveform (Fuzzy) .............................................. 54 

Figure 4.22 WECS Output Power and Wind Speed waveform (Fuzzy) ....................................... 54 

Figure 4.23 WECS generator RPM and Duty Cycle waveform (Fuzzy) ...................................... 55 

Figure 4.24 WECS Output Power waveform at 12 m/s Wind Speed (Fuzzy) .............................. 55 

Figure 4.25 WECS Output Power waveform at 11 m/s Wind Speed (Fuzzy) .............................. 55 

Figure 4.26 WECS Output Power waveform at 9 m/s Wind Speed (Fuzzy) ................................ 56 

Figure 4.27 WECS Output Power waveform at 7 m/s Wind Speed (Fuzzy) ................................ 56 

Figure 4.28 WECS Output Power waveform at 5 m/s Wind Speed (Fuzzy) ................................ 56 

Figure 4.29 WECS Power output waveform at various Wind Speed (Fuzzy).............................. 57 



 

x 

 

Figure 4.30 WECS Power output waveform at various Wind Speed (Fuzzy).............................. 57 

Figure 4.31 Fuzzy Design for Battery Management System ........................................................ 59 

Figure 4.32 Fuzzy input membership function for Battery Management System ........................ 59 

Figure 4.33 Fuzzy output membership function for Battery Management System ...................... 60 

Figure 4.34 Fuzzy output membership function for Battery Management System ...................... 60 

Figure 4.35 Fuzzy Controller rules for Battery Management System .......................................... 60 

Figure 4.36 Voltage and Current waveform for smaller Load ...................................................... 61 

Figure 4.37 Power Waveform at various sources under different conditions for smaller load .... 61 

Figure 4.38 Voltage and Current waveform for large Load ......................................................... 62 

Figure 4.39 Power Waveform at various sources under different conditions............................... 62 

Figure 4.40 Distributed grid Voltage waveform ........................................................................... 63 

Figure 4.41 Load Voltage THD Waveform .................................................................................. 63 

Figure 4.42 Load Current THD Waveform .................................................................................. 63 

Figure 5.1 GHI level demonstration in Turkey map [54] ............................................................. 65 

Figure 5.2 Monthly average solar irradiation levels at the selected location................................ 66 

Figure 5.3 Monthly average temperature levels at the selected location ...................................... 66 

Figure 5.4 The wind speed demonstration zone by zone in Turkey [55] ..................................... 67 

Figure 5.5 Monthly wind speed levels at the selected location .................................................... 67 

Figure 5.6 24-hours load profile as hour by hour ......................................................................... 68 

Figure 5.7 The proposed system design ........................................................................................ 68 

 

  

 



 

xi 

 

 

 

LIST OF ABBREVIATIONS 

AC  Alternative Current 

Ah  Ampere hour 

Btu   British thermal unit 

CPP   Clean Power Plan  

COE  levelized cost of energy 

DC  Direct Current 

FLC  Fuzzy Logic Controller 

GHI   Global Horizontal Irradiation  

HOMER  Hybrid optimization model of renewable energy 

I-V   Current-Voltage 

IGBT   insulated-gate bipolar transistor  

MOSFET metal–oxide–semiconductor field-effect transistor 

MPP   Maximum Power Point 

MPPT   Maximum Power Point Tracking 

NPC   Total net present cost 

OECD  Organization for Economic Co-operation and Development 

P&O   Perturb and Observe 

PLL   Phase Locked Loop 

PMSG   Permanent Magnet Synchronous Generator 

PMSM  Permanent Magnet Synchronous Machine  



 

xii 

 

PV   Photovoltaic 

P-V   Power-Voltage 

PWM  Pulse Width Modulation 

SAM  System Advisor Model 

SOC  State-Of-Charge 

TEIAS  Turkish Electricity Transmission Corporation  

VSC   Voltage Source Converter 

WECS  Wind Energy Conversion System 

 



1 

 

 

  

 

1 CHAPTER 1 

INTRODUCTION 

 

1.1  Problem Statement 

The climate has been affected by environmental pollution and global warming excessively 

in our planet. The detrimental factors are going up day by day because of human needs. While the 

world population is growing, the countries development is an inevitable situation in terms of 

economic, social and industrial aspects. Accordingly, the most powerful factor that damages to our 

world is the process of producing and consuming energy. There are several problems that should 

be solved by humans about the energy. First, the major energy resources that are the fossil fuels 

are depleted swiftly. These fuels have major harmful effects environmentally as well. At the 

present time, the realization of this problem is at a high level among the people. Therefore, the 

alternative energy sources are implemented by all countries. Renewable energy is becoming a 

prioritized option nowadays instead of the oil, gas and coal. In this way, the clean energy is 

provided all around the world. Figure 1.1 shows the world net electricity generation by energy 

source between 2012 and 2040. Because of the high energy demand and prices, countries are 

deciding to change their energy policies and investments. According to REN21’s 2017 annual 

report, China, United States, United Kingdom, Japan, Germany, Brazil, Canada and India have 

increased their annual investment, net capacity additions and production rate [3]. Table 1.1 

demonstrates the energy consumption by the countries between 2012 and 2040. It proves that their 

long-term investments will be meaningful to obtain the required energy as clean. The world energy 
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demand is going to grow from 549 quadrillion British thermal units (Btu) in 2012 to 629 

quadrillion Btu in 2020 and then it reaches to 815 quadrillion Btu in 2040. Therefore, the 

implementation of the renewable energy sources plays a significant role to fulfil the Clean Power 

Plan (CPP) regulations all around the world. Renewable energy consumption is going up by an 

average 2.6%/year between 2012 and 2040. On the other hand, the consumption of the fossil fuels 

is envisioned to decrease, while the non-fossil fuels is growing [1, 2]. 

 

Figure 1.1 Electricity generation by energy sources in world 2012-40 [1] 

The wind, solar, biogas, geothermal, hydro and nuclear energy sources represent the non-fossil 

fuels. The solar and wind energy are so valuable for our world since they provide the clean energy, 

low cost and safety.  In order to use solar energy and wind energy, the radiation and wind speed 

have a key role in the individual power systems because, the weather condition has variability. It 

can affect the system’s stability negatively, the reason being more efficient and stable power 

systems may be occurred by two or more renewable energy sources grouping with a battery system 

[4]. However, there are some inconveniences related to combined systems, since the wind and 
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solar energy have a low energy density. Also, the generated power by wind and solar does not fit 

the load requirements [5]. 

Therefore, the hybrid power systems which includes the solar, wind and battery were represented 

in this thesis. The system can be optimized efficiently by using the maximum power point tracking 

(MPPT) control methods. However, MPPT based renewables have high initial costs. Also, the 

state of charge (SOC) is controlled, thus, SOC of battery is regulated properly in the hybrid 

generation systems [6].  

 

Table 1.1 Energy consumption based on country grouping, 2012-40 (quadrillion Btu) [2] 
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1.2  Objectives 

In this study, the main objective is to combine the renewables that are solar and wind as a 

hybrid power system with the grid. The variables of that renewables were used based on the 

specific market products to analyze and test the system. The steps are presented step by step below.  

 Modeling the PV module by using mathematical expressions and Simulink to obtain the 

characteristic curves of temperature and irradiation. 

 Modeling of wind power system by using mathematical expressions and wind turbine 

Simulink model to observe the characteristic curves such as torque, rotor speed, output 

power. 

 The implementation of the different MPPT methods for the wind and PV array.  

 To study the BOOST converter in terms of modeling and controllers. 

 Building a battery system and bidirectional converter for this battery in order to design the 

hybrid system with the energy storage system. 

 To study and design on the grid integration and its` controller part. 

 To study on the market analysis and financial presentation of the proposed system. 

1.3  Main Contributions 

This thesis presents the solar-wind-battery energy system and their control mechanisms. 

Figure 1.2 demonstrates the energy generation system based on either AC or DC loads which are 

grid and residential by using the renewables.  

There are three contributions in this thesis. The AC load and DC load were added separately 

in the system. The grid integration is introduced in the proposed design. In this way, the different 

kind of system loads can be implemented in that simulation.  
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Secondly, the power outputs and the system performance was analyzed owing to different kinds 

of the MPPT methods which are Perturb & Observe (PO) and Fuzzy Logic Controller (FLC). The 

output waveforms are tracked under the different weather conditions and different variables to 

observe the alteration of the system. In order to analyze which method is more productive and 

efficient, they implemented into the built system. 

The designed system’s elements are investigated in the market as well and the economic analysis 

is introduced in terms of the PV array, wind turbine, battery bank and converter. The weather data 

which belongs to Istanbul-Turkey is obtained by SAM software and HOMER software are used 

for the economic approach and design the proposed system according to that location data. 

 

Figure 1.2 Proposed energy generation system with AC-DC microgrid  
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1.4  Structure of This Thesis 

Chapter 1 introduces the problem statement about the renewable energy sources and hybrid 

power system that includes wind and solar. The objectives of this thesis are explained and the 

contributions are discussed. Lastly, the thesis outline is presented in this chapter. 

Chapter 2 expresses the mathematical modeling of the combined power system that contains PV 

panel, wind turbine, converter, battery, bi-directional converter for the battery system, and 

permanent magnet synchronous machine (PMSM). The technical specifications are introduced by 

using SAM software.  

Chapter 3 considers the Maximum power point tracking methods and their algorithms are 

explained with the flow charts. The Perturb observe (PO) method and Fuzzy Logic Controller 

method are compared, analyzed and discussed. Also, the Simulink design of all parts are 

introduced with their details. The other control mechanism and designs are explained in this 

chapter. 

Chapter 4 demonstrates the simulation results. The comparisons, analysis and discussions on the 

results, are illustrated by this chapter. The MPPT outputs present in details under the different 

variables and weather conditions.     

Chapter 5 approaches to this system in terms of the economic analysis. The market products and 

their economic sides are introduced depends on the proposed system.  

Chapter 6 concludes the work as a summary. The outcomes and future works are expressed. 
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2 CHAPTER 2  

MODELING OF PV-WIND-BATTERY HYBRID POWER SYSTEM 

 

Chapter 2 explains the photovoltaic and wind energy conversion concepts and besides 

mathematical models of the hybrid power system that contains photovoltaic, wind, DC/DC, bi-

directional converters, battery for the storage system and permanent magnet synchronous machine 

(PMSM), are introduced. The technical specifications are presented by using SAM software.  

2.1  Photovoltaic Energy Conversion 

Photovoltaic cells are produced according to increasing demand today. It is growing rapidly 

day by day, while the technological advancement is making real on the cells and other components. 

The important point is that development is providing the efficiency and low cost. The word of 

photovoltaic consists of two parts. “Photo” represents the light, and “Voltaic” represents the 

electricity, photovoltaic means obtaining electricity from sun-light [7]. A significant source of 

energy is solar energy for many years, due to the enormous amounts of energy.  Solar energy is 

made easily available if it is connected by modern technology.  Solar energy systems are used in 

places where it is difficult to set up electricity network but, there is a huge request for continuous 

electricity [7, 8]. 

PV cells are used to produce electricity and they are devices that turn into light energy directly into 

electrical energy. There are semiconductors (silicon alloys) in these cells. There is a connection 

that is provided by electrical contacts between the semiconductor material and the electrical load 

[8, 9]. Generally, sunlight shines on the photovoltaics and the surface of semiconductor material 
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is struck by photons. The electrons start to flow across the photovoltaic cell’s surface like a current. 

There are bands which are over the photovoltaic cell to obtain that electrons. There are two 

connections, one of them is positive that is on the top and other one is negative that is at the bottom 

part of the photovoltaic cell [9]. 

There are two type junctions which are framed as n-type and p-type semiconductor materials. The 

n-type material has a high electron concentration and in spite of that p-type has a high hole which 

flow to n-type from the form of p-type. The power is delivered to load by photovoltaic cell. In this 

process, the electrons flows out of the n-side through the load and return to the p-side [9]. 

Producing solar energy is not complex. The rays or photons of the sun are connected. After that, 

cells transform them into electrical energy. In most instances, PV panels produce more than 

sufficient energy. The surplus electricity can be sold back to grid. Solar power system is not 

producing at evening, night-time or on overcast weathers. The electricity that goes back into the 

electrical grid, is used at that time. Much producing solar energy is achievable, the panels need the 

direct arrival to the rays of the sun for greater part of the 24 hours. However, shadowing effect on 

the solar system causes the generated power decrement. [8, 10].  

PV module are different from PV cells. PV panels cannot produce electricity directly. There are 

many PV cells on the PV module. These PV cells help to absorb the solar energy. The produced 

energy by a PV cell is not enough to use in huge applications, due to less production than 1V. 

Therefore, the cells have to connect in series or parallel configurations to produce enough power. 

In this way, the module can be obtained. There can be different sizes of PV modules and the most 

used module is 36 to 72 solar cells connected in series to produce enough voltage. In order to get 

high power, the modules are interconnected as series or parallel to obtain form of arrays [8]. Figure 

2.1 presents the cell, module and array structures. This system can supply all the electricity needs 

http://tureng.com/tr/turkce-ingilizce/achievable
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of a typical household. Thousands of large system, that use PV array is built for power plants or 

industrial applications.  

 

Figure 2.1 PV Cell, PV module, PV array Demonstration. [11] 

2.1.1  Modeling of Solar Power System 

In this part, the main aim is to present the modeling of the PV panel that is designed in 

Matlab/Simulink. Also, the mathematical equations, which are implemented in the Matlab code is 

explained. The PV cell circuit has a current source in parallel to the diode. That source symbolize 

the generated current by photons. The photocurrent Iph, is directly proportional to this current 

source. The PV cell’s I-V characteristic is determined by the diode.  The circuit diagram of the PV 

module is illustrated in Figure 2.3.  
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Figure 2.2 PV module equivalent circuit. 

The accuracy and complexity of this circuit can be improved depends on the mathematical 

model. Where, 

ID     —  Diode internal diffusion current  

Iph   —  Photo Current 

Rs   —  Series resistance (Ω); provides more accuracy between MPP and the losses.  

Rsh —  Shunt resistance (Ω) ; which is parallel to the diode. 

The basic I-V characteristics of PV module is presented [12, 14]. 

 

𝐼 = 𝐼𝑝ℎ − ID        (2.1) 

ID  =  𝐼𝑠 (𝑒𝑥𝑝 (
𝑞 𝑉𝑝𝑣 

𝑛 𝑘 (𝑇𝑒𝑚𝑝𝐾)
) − 1)      (2.2)   

Iph = [Isc + Kt  (𝑇𝑒𝑚𝑝𝐾 − Tref  )] . (
𝐺

𝐺𝑛𝑜𝑚𝑖𝑛𝑎𝑙
)  (2.3) 

𝐼𝑠 = 𝐼𝑟 𝑥 𝑒

(𝑞 𝐸𝑞)

𝑛𝑘(
1

𝑇𝑟𝑒𝑓
−

1
𝑇𝑒𝑚𝑝𝐾

 )
𝑥 (

𝑇𝑒𝑚𝑝𝐾

𝑇𝑟𝑒𝑓
)

3
𝑛
           (2.4) 
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𝐼𝑟 = (
𝐼𝑠𝑐

𝑒𝑥𝑝(
𝑞 𝑉𝑜𝑐

𝑛 𝑘 (𝑇𝑒𝑚𝑝𝐾)
)−1

)          (2.5) 

Where, 

q      —  Electron charge, 1.602e-19 C. 

k      —  Boltzmann’s constant. Its value is 1.38e-23 (J/K). 

Is     —   Cell’s saturation current  

Kt     —   Temperature coefficient (A/K) 

TempK   —   Operating temperature (K). 

Tref    —   298 K (25 oC) 

G    —  Solar insolation (W/m2 ) and  Gnominal  —  Reference solar radiation (1000 W/m2). 

Ir     —   Reverse saturation current in ampere at Tref. 

Eq             —  Band-gap energy (1.12 eV for Silicon). 

n     —  Diode ideality factor (1 < n < 2). 

Isc     —  Short circuit current at Tref and Gnominal. 

VOC      —  Open-circuit voltage at Tref. 

In Figure 2.2, the general model is shown and is more accurate. The output current can be 

calculated by Equation (2.6) [13]. 

𝐼𝑝𝑣 =  𝐼𝑝ℎ –  𝐼𝑠 ((𝑒𝑥𝑝 (
𝑞 (𝑉𝑝𝑣 + 𝐼𝑝𝑣 𝑅𝑠

𝑛 𝑘 (𝑇𝑒𝑚𝑝𝐾)
) − 1))  (2.6) 

The series resistance Rs derives, when the Equation (2.6) differentiates. It is shown as below [14, 

15]. 

Rs = −
d Vpv

d Ipv
 | −  

𝑛 𝑘 (𝑇𝑒𝑚𝑝𝐾)/𝑞

𝐼𝑠 𝑒
(

𝑞  𝑉𝑜𝑐
𝑛 𝑘 𝑇𝑒𝑚𝑝𝐾

)
    (2.7)  
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Rs = α, 𝑟𝑒𝑓 
ln(1−

𝐼𝑚,𝑟𝑒𝑓

𝐼𝑠𝑐,𝑟𝑒𝑓
)+ 𝑉𝑜𝑐,𝑟𝑒𝑓−𝑉𝑚,𝑟𝑒𝑓 

𝐼𝑚,𝑟𝑒𝑓
   (2.8) 

The Equation (2.8) is applied by under the condition that Vpv = Voc and Ipv = 0. Also, α,ref is 

presented as below [16, 17]. 

𝛼, 𝑟𝑒𝑓 =
2𝑉𝑚,𝑟𝑒𝑓−𝑉𝑜𝑐,𝑟𝑒𝑓

𝐼𝑠𝑐,𝑟𝑒𝑓

𝐼𝑠𝑐,𝑟𝑒𝑓−𝐼𝑚,𝑟𝑒𝑓
+ln(1−

𝐼𝑚,𝑟𝑒𝑓

𝐼𝑠𝑐,𝑟𝑒𝑓
)
    (2.9) 

Where, 

Im,ref  —  Maximum current at Tref and Gnominal.  

Isc,ref —  Short circuit current at Tref and Gnominal. 

Vm,ref —  Maximum voltage at Tref and Gnominal. 

Voc,ref —  Open circuit voltage at Tref and Gnominal. 

α,ref     —  The completion timing factor of thermal voltage at Tref and Gnominal. 

2.1.2  Technical Specifications and PV Characteristics by SAM and Simulink 

The PV array is modeled and LG Electronics LG300N1W-G3 array is implemented in this 

design. Also, the module specification is validated by SAM [18]. I-V and P-V graphs of PV module 

are obtained by using SAM and Simulink in order to express the Photovoltaic panel characteristics 

under the different conditions in terms of variation of the temperature and solar irradiation. The 

equivalent circuit is used to get model characteristics and mathematical formulations are presented 

in the previous part.  

The PV module consists of 60 cells and the module voltage can be calculated by multiplication of 

each cell voltage with total number of cells [13].  

The model of PV panel is performed with Matlab/Simulink. The model parameters are given in 

Table 2.1.  
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Table 2.1 Simulation Model Parameters of PV Module 

 

 

Figure 2.3 I-V and PV characteristics curve of PV model 
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Figure 2.3.a and Figure 2.3.b demonstrate the I-V and P-V curves of PV module at 250C 

temperature and specified solar irradiance values that are 100, 250, 500, 750 and 1000 W/m2. 

 

Figure 2.4 I-V and PV curves of PV array at various temperatures and 1000 W/m2 irradiance. 

Figure 2.4 illustrates I-V and P-V curves of PV array at the various temperatures which are 60, 45, 

25 0C and the exact irradiance value which is 1000 W/m2. 

 

Figure 2.5 PV Module characteristic and parameters by SAM 
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Figure 2.5 presents the PV module parameters by SAM software [18]. The weather data which is 

in the SAM library, is used to analyze the module’s performance. Figure 2.6 demonstrates the 

monthly solar irradiation level. 

 

Figure 2.6 Monthly variation of solar irradiation levels 

2.2  Wind Energy Conversion  

The wind energy system is another component of the proposed hybrid power system. There 

are elements that built the wind generation system such as wind turbine, drive train, pitch angel 

control, generator and power converter. The permanent magnet synchronous generator (PMSG) is 

applied in that wind energy system. It provides the more system safety and nominal maintenance 

cost. Also, it can connect to the turbine directly [19].  

 

Figure 2.7 Wind system structure [21] 
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Figure 2.7 presents the components of the wind system. The wind turbine power curve is 

demonstrated by Figure 2.8. It presents the cut-in and cut-out speeds to observe the control area of 

wind speeds. The wind turbine is stopped, when the speed reaches out of this area [20]. 

 

Figure 2.8 Power curve of wind turbine by SAM 

 

2.2.1  Modeling of Wind Energy System 

The wind energy system is modeled based on the characteristic of the wind turbine. The 

wind turbine output power is expressed by the given equation below [4, 21]. 

𝑃𝑤 = 0.5 𝐶𝑝 (𝜌A𝑉3)       (2.10) 

Where,  

ρ     — Air density (kg/m3) 

Cp  —  Wind turbine performance coefficient 

Pw  — Wind turbine output power (W) 

Vcut-in 

Vcut-out 

Rated Output Speed 

Rated Output Power 
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A   — Turbine swept area by rotor blades (m2) 

Vw —  Wind speed or air velocity (m/s) 

The tip speed ratio of the rotor blade tip speed λ and performance coefficient of turbine Cp are 

expressed as below [4, 21]. 

λ =
𝜔𝑅

𝑉𝑤
        (2.11) 

Cp (λ, β) = C1 ( 
𝐶2

λ
 – C3 β – C4 ) 𝑒

𝐶5

λ  + C6 λ   (2.12) 

1

λ
=

1

λ+0.08β
−

0.035

β3+1
      (2.13)  

Where,  

λ    —  Tip speed ratio of the rotor blade tip speed to wind speed 

β    —  Blade pitch angle (deg)  

ω   —  Angular velocity of rotor (rad/s) 

R   — Turbine radius (m) 

C1= 0.5176, C2 = 116, C3= 0.4, C4= 5, C5= 21, C6= 0.0068 [21]. 

The wind turbine is modeled in Matlab/Simulink and it is shown in Figure 2.9. 

 

Figure 2.9 Wind Turbine Simulink model 
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The generator speed of the nominal speed, pitch angle and wind speed are the three inputs of this 

model. Figure 2.10 shows the either power of wind turbine output characteristics at the pitch 

angel= 0 or different turbine speeds. 

 

Figure 2.10 Wind turbine characteristics at β = 0 and different speeds 

The wind turbine performance coefficient Cp reached to its maximum value at pitch angle = 0 and 

Cp declines, when the pitch angle increases. This variation is shown in Figure 2.11. 

 

Figure 2.11 Cp value demonstrations at various pitch angles 
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The wind turbine power and torque can be obtained by using the equations below [21]. 

𝑃𝑤 = 0.5 𝜌A𝐶𝑝 (
𝜔3𝑅3

λ
3 )     (2.14) 

𝑃𝑤 = 𝑇       (2.15) 

Where, T is the wind turbine torque.   

2.3  Modeling of BOOST and Bi-Directional Converter 

In order to step up the input voltage, a boost converter can be designed. The most efficient 

method to get the expected voltage than buck and buck-boost converters. The usage aim of them 

can change depending on the system that is implemented. The source voltage is stepped up to 

produce an output voltage which is greater than the input voltage. The ideal circuit is presented in 

Figure 2.12. This circuit includes the elements which is a voltage source (Vi), an inductor (L), a 

diode (D), capacitor (C), resistor (R) and a switch that can be either IGBT or MOSFET based on 

the design [22]. The MOSFET is used in the Simulink design.  

 

Figure 2.12 Circuit diagram of BOOST Converter [25] 

The capacitors or inductors-resistors combination can be added to converter output in order to 

decrease the output voltage ripple, therefore, the converter’s input current is higher than the output 

current [23]. 



20 

 

 

BOOST converter works in two different modes. These modes depend on the switch status which 

is open or close. When the switch (S) is closed, the inductor can be charged by the supply and the 

diode (D) is reversed in this mode. When the switch (S) is opened, the inductor is discharged and 

the output voltage of the converter increases accordingly [24, 25]. The switching modes of the 

BOOST converter is illustrated in Figure 2.13.  

 

Figure 2.13 Switching modes of the BOOST converter circuit [24]. 

In the ON mode, the current flows through the inductor since it will be charged. The inductor 

voltage (vL) and capacitor current (ic) are presented as shown in Equations (2.16) and (2.17). 

vL = Vi        (2.16) 

ic  = −
𝑣

𝑅
       (2.17) 

In the OFF mode, the current is decreased and it flows through the resistor. Equations (2.18) and 

(2.19) demonstrates the inductor voltage (vL), and capacitor current (ic) below. 

vL = Vi –  𝑣       (2.18) 
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ic = iL−
𝑣

𝑅
        (2.19) 

The modeled BOOST converter in Matlab/Simulink is illustrated with PV array connection in 

Figure below.  

 

Figure 2.14 PV array connected BOOST Converter. 

In the battery system, bidirectional converter is implemented, since it is a reassuring property in 

the power system and hybrid wind-solar applications especially. It makes the system efficient with 

the low cost [26]. The battery is designed with bidirectional converter in Matlab/Simulink and it 

is illustrated in Figure 2.15.  

The solar energy can be transferred to battery to store this energy by using bidirectional battery as 

long as irradiation and wind speed are enough and also, energy carries to load. Either charge or 

discharge processes are performed by this type converter. There is not any transformers, current 

saturation and high switching losses. Also, it provides a large voltage diversity during the power 

flow [26, 27].  
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Figure 2.15 Bidirectional DC-DC converter circuit for Battery. 

 

2.4  Modeling of Battery  

The battery system has a key role for the wind-solar energy storage system. Lead-acid 

batteries are using commonly in this system, since it has a long lifetime and low cost. Also, it is a 

rechargeable battery.  The battery consists of many electrochemical cells and they combine each 

other to get high voltage or current for operating mode. The cells should be connected as series to 

obtain high battery voltage. The capacity unit is Ah and the rates of discharge and charge are 

expressed with this unit [28, 29]. The State of Charge (SOC) of the battery is formulated as below 

[29]. 

SOC =  
Ah capacity remaining in the battery

𝑅𝑎𝑡𝑒𝑑 𝐴ℎ 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
   (2.20) 

The battery is directly implemented from Electric Drives/Extra Sources library which is in the 

Matlab/Simulink. 
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Figure 2.16 Simulink Battery 

The battery has some parameters such as nominal voltage (V), rated capacity (Ah), initial State-

Of-Charge, and charged voltage (V), nominal discharge current (A), internal Resistance (ohm) 

[29]. 

In this thesis, the battery is selected as lead-acid battery and it exists in the SimPowerSystems 

toolbox of Matlab/Simulink [30]. The battery’s equivalent circuit is presented in Figure 2.17. 

 
 

Figure 2.17 Battery equivalent circuit [30] 

The mathematical model of the lead-acid battery is presented in Equations (2.21) and (2.22), 

depending on the charging and discharging conditions [30]. 

Discharge Model (𝑖∗ > 0) 

𝑓1 (𝑖𝑡, 𝑖∗, 𝑖, 𝐸𝑥𝑝) =  𝐸0 − 𝐾 
𝑄

𝑄−𝑖𝑡
𝑖∗ − 𝐾 

𝑄

𝑄−𝑖𝑡
 𝑖𝑡 + 𝐿𝑎𝑝𝑙𝑎𝑐𝑒−1 (

𝐸𝑥𝑝(𝑠)

𝑆𝑒𝑙(𝑠)
 0)   (2.21) 
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Figure 2.18 SOC of Lead-Acid Battery [30] 

2.5  Modeling of Permanent Magnet Synchronous Machine (PMSM) 

The permanent magnet synchronous machine is implemented into wind power system 

model. It provides the system efficiency during the generation process. This model depends on the 
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d and q synchronous reference frame that rotates synchronously. In this way, torque, flux and 

power control can be validated in the three phase systems. The two phase (d-q) reference frame 

includes the three phase a-b-c. The Figure 2.18 demonstrates the equivalent circuit of PMSG with 

its d-axis and q-axis.  

 

Figure 2.19 Equivalent circuit of PMSM [31] 

The mathematical model is presented in Equations (2.23), (2.24), (2.25) based on the equivalent 

circuit [31, 32]. In this thesis, the mathematical model of PMSM is presented by using 

Matlab/Simulink SimPowerSystems library. The PMSM model which is designed in Simulink, is 

illustrated in Figure 2.19. 

 

𝑑

𝑑𝑡
𝑖𝑑 =  

1

𝐿𝑑
𝑣𝑑 −

𝑅

𝐿𝑑
𝑖𝑑 +

𝐿𝑞

𝐿𝑑
𝑝 𝑤𝑟𝑖𝑑    (2.23) 

𝑑

𝑑𝑡
𝑖𝑞 =  

1

𝐿𝑞
𝑣𝑞 −

𝑅

𝐿𝑞
𝑖𝑞 +

𝐿𝑑

𝐿𝑞
𝑝 𝑤𝑟𝑖𝑑  − 

λ 𝑝 𝑤𝑟

𝐿𝑞
   (2.24) 

𝑇𝑒 = 1.5 𝑝 [λ 𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑞 𝑖𝑑  ]    (2.25) 
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If  𝐿𝑞 =  𝐿𝑑 (in surface-mounted PMSG), electromagnetic torque is formulated as below [32]. 

𝑇𝑒 = 1.5 𝑝 λ 𝑖𝑞       (2.26) 

 

Figure 2.20 Simulink PMSM model 
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3 CHAPTER 3  

CONTROL OF WIND-SOLAR-BATTERY HYBRID POWER SYSTEM 

 

This chapter considers the Maximum power point tracking control methods and presents 

their algorithms with the flow charts. The Perturb and Observe (PO) method and Fuzzy Logic 

controller method are analyzed and discussed. Also, the Simulink design of all parts are introduced 

with their details. The other control mechanism for the battery and grid integration are explained 

in this chapter. 

 3.1  Maximum Power Point Tracking Controls for Solar Power System 

The MPPT methods provide more energy production for PV sources. MPP of the PV panel 

can change based on the different temperature and irradiation level, therefore, MPPT algorithms 

are used. The voltage and current are controlled by the MPPT for finding their MPP which are in 

the I-V characteristic curve. Figure 4.1 demonstrates the PV array output characteristics and the 

maximum power points as theoretically. In the proposed design, the MPPT algorithms which are 

Perturb and Observe and Fuzz Logic Controller, are implemented and they compared each other 

in terms of their performance such as converge speed, effectiveness and correct tracking. There 

are about 19 MPPT algorithms which are stated in [33]. The P&O algorithm is an easy method to 

implement among them. In spite of that the implementation of Fuzzy Logic Controller is harder 

than P&O, however, it gives better performance than P&O. Both of them are used in this thesis. 
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Figure 3.1 PV array output characteristic curves [34] 

3.1.1  Perturb and Observe Control Method 

The P&O algorithm is preferred commonly among other MPPT methods due to easy 

implementation and simplicity. There are two inputs which are current of the PV, Ipv and voltage 

of the PV, Vpv in this algorithm. The block diagram with the embedded MATLAB function is 

demonstrated in Figure 3.2.  

 

Figure 3.2 Block diagram of P&O 

Perturb means the increasing or decreasing, therefore, the PV array terminal voltage and current 

are perturbed periodically by the algorithm and the PV output power is compared with the previous 

one. P(k+1) represents the PV output power and it is compared with the P(k) which represents the 

previous perturbation. Also, V(k-1) represents the operating voltage of the algorithm. P(k - 1)-P(k) 

and V(k-1)-V(k) can be called as ΔP and ΔV respectively. When ΔP and ΔV are less than 0, the 
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point of operation is going to move towards the MPP from the left side of MPP. Accordingly, the 

output voltage is increased by next perturbation of duty cycle. When ΔP and ΔV are greater than 

0, the point of operation is distant from the MPP, hence the output voltage is increased by next 

perturbation of duty cycle again. On the other hand, when the ΔP is greater than 0 (PV panel power 

output is declining) and ΔV is less than 0 (PV panel output voltage is increasing), the point of 

operation is at the right side of MPP. Hence, the output voltage is decreased by next perturbation 

of duty cycle. Other case is that when the ΔV is greater than 0 (PV panel output voltage is declining) 

and ΔP is less than 0 (PV panel output power is increasing), the point of operation is going to be 

at the right side of MPP. Thus, the output voltage is decreased by next perturbation of duty cycle 

[4, 36, 37]. The P&O control algorithm flow chart [35] is illustrated in Figure 3.3. 

 

Figure 3.3 Flow chart of P&O algorithm 
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In this thesis, P&O method is implemented owing to PWM (pulse width modulation) cycles which 

measure the power. In this way, the duty ratio is perturbed directly [35]. Simulink design which 

includes all block, is presented in Figure 3.4. 

 

Figure 3.4 Simulink design of solar system with P&O (MPPT) control 

3.1.2  Fuzzy Logic Control Method 

The FLC based on a mathematical model which is easy to understand. It is flexible and 

easy to layer on more functionality. The controller is working with imprecise inputs. Also, it is the 

basis for human communication [38].  This control system compares an input signal in order to 

determine the fuzzy sets (logic variable membership function) in the range 0 and 1. The duty cycle, 

D is the output of FLC. There are two main inputs that are the error, E and error variation, ΔE in 

the fuzzy logic based MPPT controller. The following equations (3.1) and (3.2) are used to 

calculate them [27, 39].  

𝐸(𝑘) =  
𝑃(𝑘)−𝑃(𝑘−1)

𝑉(𝑘)−𝑉(𝑘−1)
      (3.1) 

𝛥𝐸(𝑘) = 𝐸(𝑘) − 𝐸(𝑘 − 1)     (3.2) 
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In the control process, there are three levels that are fuzzification, rule based and defuzzification. 

In the rule base level, the membership functions’ shape can change and this effects on the FLC. 

The power converter is controlled due to analog signal procurement by FLC and it is converted to 

digital signal. In the fuzzification stage, the input variables are transformed into linguistic 

variables. This process depends on the membership function which has different levels that are NB 

(negative big), NS (negative small), ZE (zero), PB (positive big) and PS (positive small) [27, 40, 

41] which is illustrated in Figure 3.5. 

 

Figure 3.5 Membership function for inputs and outputs of FLC [27] 

 The FLC rule base table is given in Table 3.1.  

Table 3.1 Rule Base of FLC 
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There are four main parts which build up the FLC. These are the fuzzification, inference, rule 

based and defuzzification as shown in Figure 3.6. 

 

Figure 3.6 Fuzzy Logic Controller Structure 

There are different kind of membership functions in terms of the shapes that can be triangular, 

trapezoidal, Gaussian, bell-shaped, etc. [35]. The controlled system has the system information and 

fuzzy rule is based on that information. If the number of memberships increase, the system has better 

performance, however, the system complexity is increased [35]. The used fuzzy interface method in 

this thesis, is Mamdani [42] and it depends on the if-then rules. Mostly, the triangular and trapezoidal 

shapes are used by Mamdani. In this thesis, FLC is implemented for solar system and Simulink 

design with all block is presented in Figure 3.7. 

 
Figure 3.7 Simulink design of solar system with FLC 
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3.2  Maximum Power Point Controls for Wind Power System 

The power generation process by using wind, depends on various factors. Therefore, the 

maximum power can be obtained by using MPPT control methods under the different conditions. 

The wind speed is the most important factor due to its variations. The MPPT algorithms are applied 

for obtainment the MPP at any wind speed. Wind Energy Conversion Systems (WECS) can be 

affected by different weather conditions and locations. The Perturb and Observe and Fuzzy Logic 

based MPPT algorithms are applied for proposed WECS in this chapter. 

3.2.1  Perturb and Observe Control Method 

The change in output power is observed by P&O control algorithm in order to reach the 

MPP. Also, the rotor speed perturbation is generated. Generally, when the rotor speed is increased, 

the energy consumption declines and the output power is decreased [4, 37]. In the wind MPPT, 

either the rotor speed is changed or maximum utilization factor, Cp is kept by the duty cycle 

adjustment. The system voltage can be increased with the increment in the duty cycle [37].  The 

algorithm has different control methods. It demonstrates in the Figure 3.8.  

 

Figure 3.8 MPP demonstration for wind power system [37] 
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Pk –Pk-1 and 𝜔k –𝜔k-1 can be called as ΔP and Δ𝜔 respectively. When ΔP and Δ𝜔 are greater than 

0, the point of operation is going to move towards the MPP from the left side of MPP. The rotor 

speed increases, when the 𝜔k > 𝜔k-1 and the duty cycle and next perturbations become negative. 

When ΔP and Δ𝜔 are less than 0, the point of operation is distant from the MPP at left side and 

the rotor speed declines (𝜔k < 𝜔k-1). Thus, the duty cycle and next perturbations become positive 

[4, 37]. Other case is that when the Δ𝜔 is greater than 0 (the rotor speed increases, 𝜔k > 𝜔k-1) and 

ΔP is less than 0, the working point is at the right side. Thus, the last perturbation of duty cycle is 

negative, while the next one becomes positive [37].  Last case is that when the Δ𝜔 is less than 0 

(the rotor speed decreases, 𝜔k < 𝜔k-1) and ΔP is greater than 0, the working point is at the right 

side. Thus, the next perturbation of duty cycle is positive, while the last one becomes positive [37].  

The control method of P&O can be stated as follow in Equation (3.3).  

𝐷(𝑘) = 𝐷(𝑘 − 1) ± (ΔP) ± (Δω) 𝐷𝑠𝑡𝑒𝑝   (3.3) 

D(k) represents the control signal for the converter and Δ𝜔 and ΔP are the change in rotor speed  

and output power respectively. Dstep is the step size which belongs the control signal [37]. 

On the other hand, this algorithm cannot be effective in the large systems since the power 

generation is increased. In the residential use, it can be applicable method like in this thesis.  

In this thesis, P&O algorithm is implemented owing to PWM (pulse width modulation) cycles and 

the duty ratio is perturbed directly [35]. Simulink design which includes all block, is presented in 

Figure 3.9. 
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Figure 3.9 Simulink design of wind system with P&O control 

3.2.2  Fuzzy Logic Control Method 

The Fuzzy Logic Control mechanism is combined with wind energy conversion system in 

this thesis. The electrical power is obtained by the PMSG.  Also, the bridge rectifier provides the 

ad-dc conversion for the wind generator. On the other hand, The BOOST converter controls that 

rectifier’s voltage. The measured current and voltage values of the rectifier are directly sent to 

controller part.  FLC achieves the maximum power point after it has the measured voltage, current 

and power values [36]. The control mechanism of the FLC is shown in Figure 3.10 in details. FLC 

membership functions (0 and 1) [38] convert the input variables to membership values for 

controllers. The change in the output power and duty cycle of converter are the inputs of the FLC 

as shown in Figure 3.10 and they can be calculated as expressed in Equations (3.4) and (3.5) below. 

ΔP𝑘 = P𝑘 − P(k − 1)      (3.4) 

ΔD𝑘 = D𝑘−1 − D𝑘−2      (3.5) 
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Figure 3.10 FLC based wind MPPT control mechanism [36] 

This control system measures the change in output power, ΔP𝑘 and also, duty cycle, D is adjusted 

at the same time in order to find the MPP [43].  All wind energy system blocks with FLC is shown 

in Figure 3.11 below. 

 

 

Figure 3.11 Simulink design of wind system with FLC 
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3.3  Fuzzy Logic based Control for Battery  

In the proposed model, the battery system is adopted to enhance the system efficiency. The 

battery system is controlled by the FLC to track the SOC status with high efficiency. The produced 

energy by wind-solar system combination can be stored by the battery system in order to save that 

energy. When the generation of energy decreases, the system load or grid can be fed by the battery. 

The fuzzy logic controller is used to increase either energy efficiency or battery life. This controller 

establishes the parameters of the battery state-of-charge and also, it provides the energy 

optimization. Accordingly, the battery life time and SOC are directly proportional each other and 

the fuzzy logic controller improves the Lead-Acid battery’s life significantly [44].  

There are two modes that are applied by controller; charging and discharging for the wind-solar 

power system. ΔSOC and ΔP are the inputs and ΔI is the fuzzy logic controller’s output. The fuzzy 

control diagram for the SOC of battery is illustrated in Figure 3.12. 

 

Figure 3.12 Fuzzy control diagram for SOC of battery 

The input variables can be calculated as followed in Equations (3.6) and (3.7) [44, 45]. 

ΔSOC = 𝑆𝑂𝐶𝐶𝑂𝑀𝑀𝐴𝑁𝐷 − 𝑆𝑂𝐶𝑁𝑂𝑊    (3.6) 

ΔP = 𝑃𝐿 − 𝑃𝑝𝑣 − 𝑃𝑤𝑖𝑛𝑑     (3.7) 

 

ΔP = 𝑃𝐿 − 𝑃𝑝𝑣 − 𝑃𝑤𝑖𝑛𝑑 
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ΔP expresses the difference between total power which is produced by wind-solar and the system 

load requirement. PL is the required load power and Ppv and Pwind are the generated powers by solar 

and wind systems respectively [44, 27]. The input-output variables of membership functions for 

FLC, are presented in the Figure 3.5 and the rule table of FLC is given in 3.1 (section 3.1.2). 

According to this rule, the output current of Lead-Acid battery which demonstrates the variety of 

charge-discharge (ΔI), is obtained. There is no enough generated energy for the system load by 

wind-solar system, when the ΔP < 0. In this case, the battery is going to be charging (ON) mode. 

On the other hand, when the ΔSOC < 0 which means that SOC of battery supplies with the demand 

of SOC, the battery is going to be discharging (OFF) mode [45, 46]. 

The proposed system of battery system is designed in Matlab/Simulink and it is presented in the 

Figure 3.13 below. 

 

 

Figure 3.13 Fuzzy logic controller based battery system Simulink design 
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3.4  Voltage Source Converter Controller  

The grid integration of the system can be completed by using the Voltage source controller. 

The controller is simulated in the Matlab/Simulink and it consists of phase locked loop, voltage 

regulator and signal generator. Figure 3.14 demonstrates the Simulink model of voltage source 

controller.  

 

Figure 3.14 Simulink model of Voltage source converter controller 

The voltage regulator has two inputs which are the reference voltage, Vdc_ref and the measured 

voltage Vdc_ref. The output of the regulator is d-phase current, Id_ref which is calculated in the 

given equation below [48, 49]. 

𝐼𝑑_𝑟𝑒𝑓 = 𝐾𝑝 (𝑉𝑑𝑐𝑟𝑒𝑓
−  𝑉𝑟𝑒𝑓 ) + 𝐾𝑖  ∫ (𝑉𝑑𝑐𝑟𝑒𝑓

−  𝑉𝑟𝑒𝑓 ) 𝑑𝑡  (3.8) 

On the other hand, the Iq_ref is equal to zero. The d and q currents are represented by Id_ref and 

Iq_ref. The integral constants are the Kp and Ki. The current regulator has the same constants 

which are Kp_cr and Ki_cr. In this way, the voltage values Vd and Vq can be obtained by using 

Equations (3.9) and (3.10). 

𝑉′𝑑 = 𝑉𝑑[𝐾𝑝_𝑐𝑟(𝐼𝑑_𝑟𝑒𝑓 −  𝐼𝑑 ) + 𝐾𝑖_𝑐𝑟  ∫(𝐼𝑑_𝑟𝑒𝑓 − 𝐼𝑑 )𝑑𝑡] + 𝐿𝐼𝑞 (3.9) 
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Id and Iq represent the currents of d and q which are transformed from 3-phase (abc). The 

difference between the reference voltage and actual voltage gives the error voltage which moves 

through to PI controller [50].  

The system’s real and reactive powers can be controlled by the current regulator, therefore, it plays 

a key role for that controller. There are two operation mode which are inverter and inductive 

modes. When the active power is generated, it operates as inverter. If the reactive power is drawn 

by the converter, the regulator works in inductive mode [49]. When the current flows out of the 

converter, it is called as positive current and Id and Iq are positive in both mode [48]. 

The other component is the phase locked loop and it operates for controlling of the inverter and 

also, the system’s power phase can be tracked by PLL [49]. The Simulink model is given in the 

Figure 3.15. 

 

Figure 3.15 Phase Locked Loop Simulink model 

 

 

 

 



41 

 

 

 

 

 

4 CHAPTER 4 

SIMULATION RESULTS & ANALYSIS 

 

In this chapter, the results of simulated system which is the grid connected wind-solar 

power system with the battery, is presented and analyzed in detail. The MATLAB simulation 

results are discussed and compared. Also, they are tabulated as numerical in this part. 

4.1  Maximum Power Point Tracking (MPPT) for Solar Power System 

The wind-solar-battery power system is at a price and the constant efficiency cannot be 

obtained during either all day or under different weather conditions. Accordingly, MPPT methods 

provide the produce of maximum power effectively, while the general produce is pretty weak with 

approximately 8-16% efficiency.  

4.1.1  Perturb and Observe Algorithm for MPPT of 10kW PV system  

The voltage and current of PV are measured livingly depends on the conditions. Then, the 

power of PV is calculated by using the product of the measured values. This is the first power 

which is calculated depends on the minor changes in duty cycle. The second calculated power and 

the first one are compared each other. If the second calculated power is more than first one, the 

perturbation can be accepted as correct. P&O algorithm based MPPT is developed in Simulink 

under the various conditions in terms of irradiation and temperature. The obtained results of the 
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simulation and efficiency of PV system waveform are illustrated in Figure 4.1 and the numerical 

results are given in Table 4.1.  

 

Figure 4.1 P&O Algorithm based MPPT of 10kW PV system output waveform 

 

Table 4.1 Efficiency of P&O Algorithm 

# Irradiance   W /M2 PV Output in Watts Efficiency % 

1 1000 8450 84.50 

2 750 7250 96.66 

3 500 4550 91 

4 250 1350 54 

 

4.1.2  MPPT of 10kW PV system based on Fuzzy Logic Controller 

The FLC method is used in the proposed solar system and it is demonstrated in Figure 4.2. 

The voltage and current are the inputs for that controller method. The trapezoidal shape is preferred 

among the presented membership functions [44] and the inputs are converted to fuzzy set by this 

method. This rule based controller system is compared with the observed value and the if-then rule 

that is for the duty cycle selection is applied based on the error. The center of gravity method is 

implemented in this part in order to convert the fuzzy set value to crisp set. The obtained signal by 

PWM generator, produces the pulse which conveys to DC-DC converter. 
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Figure 4.2 Fuzzy controller based MPPT of PV System design  

 

The Fuzzy input membership function (PV Voltage) has been develop in Matlab/Simulink. The 

membership ranges selected based on PV system as shown in Figure 4.3. The Fuzzy input 

membership function (PV Current) has been develop in Matlab/Simulink. The membership ranges 

selected based on PV system as shown in Figure 4.4. The output membership function of FLC is 

duty cycle and it is developed in Matlab/Simulink as demonstrated in Figure 4.5. Finally, the 

developed fuzzy rules base which depends on inputs and outputs, are illustrated in Figure 4.6 and 

Figure 4.7. 

 

Figure 4.3 Fuzzy Input membership function (PV Voltage) 
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Figure 4.4 Fuzzy Input membership function (PV Current) 

 

Figure 4.5 Fuzzy output membership function (Duty Cycle) 
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Figure 4.6 Fuzzy Rules for MPPT Controller of PV System 

 

Figure 4.7 Fuzzy Surface view for MPPT Controller of PV System 
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Figure 4.8 Fuzzy based 10 kW PV System Output Power Waveform at various irradiance 

  

Figure 4.9 Fuzzy based 10 kW PV System Output Voltage Waveform at various irradiance 

4.1.3  Result Discussion and Comparison 

 The proposed Fuzzy based MPPT of 10 kW PV power system has been developed in 

Matlab/Simulink and simulated at various weather conditions. The proposed system has been 

simulated at irradiance of 250 W/M2 , 500 W/M2 , 750 W/M2   and 1000 W/M2 respectively. The 

simulated results such as PV power and BOOST Converter voltage are presented in Figure 4.8 and 

Figure 4.9 respectively. Finally, the results from the simulation and efficiency of the system are 

tabulated in Table 4.2. In order to prove the performance effectiveness of the proposed Fuzzy 

controller based MPPT system is compared with P&O based MPPT system as shown in Table 4.3.  
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Table 4.2 Efficiency of Fuzzy Algorithm 

# Irradiance   W /M2 PV Output in Watts Efficiency % 

1 1000 9529 95 

2 750 7220 96 

3 500 4670 93 

4 250 2150 86 

 

Table 4.3 Comparison of Efficiency of P&O and Fuzzy Algorithm 

# P&O Fuzzy Improved % 

1 84 95 10 

2 96 96 0 

3 91 93 2% 

4 54 86 32% 

 

4.2  Maximum Power Point Tracking (MPPT) for Wind Power System 

The wind energy conversion systems have not any constant generation process like in the 

solar systems, therefore, the system is tracking by the P&O and Fuzzy control methods based on 

MPPT. In this way, the generated wind energy is reached to maximum power. The proposed 

systems are compared and kindly tabulated.  

4.2.1  Perturb and Observe Algorithm based MPPT of Wind Power System 

The voltage and current of wind are measured depends on the weather conditions. Then, 

the power of wind is calculated by using the product of the measured values. This is the first power 

which is calculated depends on the minor changes in duty cycle. The second calculated power and 

the first one are compared each other. If the second calculated power is more than first one, the 

perturbation can be accepted as correct. P&O algorithm based MPPT is developed in Simulink 
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under the various conditions. The voltage and current waveforms of the wind system RMS are 

presented in Figure 4.10. The simulation results of wind energy system, power output versus wind 

speed waveform is illustrated in Figure 4.11. Also, another simulation results that generator RPM 

and Duty Cycle waveforms are presented in Figure 4.12. Finally, the various weather condition 

such 5 m/s, 7 m/s, 9 m/s, 11 m/s and 12 m/s are simulated and MPPT of wind power system 

waveforms are demonstrated in Figure 4.13 and Figure 4.14. The results of simulation are tabulated 

in Table 4.4.  

 

Figure 4.10 WECS Voltage and Current RMS waveform 

 

Figure 4.11 WECS Power output and Wind Speed waveform 
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Figure 4.12 WECS generator RPM and Duty Cycle waveform 

 

Figure 4.13 WECS Power output waveform at various Wind Speed 

 

Figure 4.14 WECS Power output waveform at various Wind Speed 
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Table 4.4 Efficiency of P&O Algorithm 

# Wind Speed   m/s WECS Output in Watts Efficiency % 

1 12 8324 83.2 

2 11 7618 83.1 

3 9 6253 83.3 

4 7 4923 84.3 

5 5 3543 85 

 

           

4.2.2  Fuzzy Logic Controller for MPPT of Wind Power System 

The fuzzy logic controller is designed for MPPT controller of wind energy system as 

presented in Figure 4.15. The proposed system is developed in Simulink. Its performance analyze 

is made under different weather condition. The proposed fuzzy MPPT controller has two inputs 

which are the voltage and current of wind energy system and they implemented by using 

trapezoidal membership function as illustrated in Figure 4.16 and Figure 4.17. The output of fuzzy 

control is trapezoidal membership function, namely duty cycle is demonstrated in Figure 4.18. The 

input 1 and input 2 has three different membership functions that are Low, Medium and High as 

well as the output has three membership functions that are Low, Medium and High. The proposed 

fuzzy based controller is developed by trapezoidal type for fuzzification and center of gravity 

method for Defuzzification. The Fuzzy rules are developed based on input and output parameters 

of wind energy system are presented in Figure 4.19 and Figure 4.20. 
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Figure 4.15 Fuzzy based WECS MPPT design 

 

Figure 4.16 Fuzzy input membership function for WECS (Wind Voltage) 

 

Figure 4.17 Fuzzy input membership function for WECS (Wind Current) 
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Figure 4.18 Fuzzy output membership function for WECS (Duty Cycle) 

 

 

Figure 4.19 Fuzzy controller Rules for WECS MPPT 
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Figure 4.20 Fuzzy controller surface view for WECS MPPT 

 

4.2.3  Result Discussion and Comparison  

The Fuzzy based MPPT of WECS is developed in Matlab/Simulink and simulated at 

various weather conditions such as 5 m/s, 7 m/s, 9 m/s, 11 m/s and 12 m/s. The wind energy 

system’s RMS voltage and current waveforms at under various weather condition are presented in 

Figure 4.21. Figure 4.22 illustrates the wind energy system power output versus wind speed 

waveform. The generator speed and duty cycle simulation results are demonstrated in Figure 4.23. 

The wind energy conversion system is simulated at various wind speed and presented the Fuzzy 

based MPPT of WECS output waveform as illustrated in Figure 4.24 to Figure 4.30 respectively.  

Finally, the results from simulation and efficiency of system are tabulated in Table 4.5. In order to 

prove the performance effectiveness of proposed Fuzzy controller based MPPT system is 

compared with P&O based MPPT system for the wind energy system, as shown in Table 4.6.  

 



54 

 

 

 

Figure 4.21 WECS Voltage and Current RMS waveform (Fuzzy) 

 

Figure 4.22 WECS Output Power and Wind Speed waveform (Fuzzy) 
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Figure 4.23 WECS generator RPM and Duty Cycle waveform (Fuzzy) 

 

 

Figure 4.24 WECS Output Power waveform at 12 m/s Wind Speed (Fuzzy) 

 

 

Figure 4.25 WECS Output Power waveform at 11 m/s Wind Speed (Fuzzy) 
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Figure 4.26 WECS Output Power waveform at 9 m/s Wind Speed (Fuzzy) 

 

 

Figure 4.27 WECS Output Power waveform at 7 m/s Wind Speed (Fuzzy) 

 

 

Figure 4.28 WECS Output Power waveform at 5 m/s Wind Speed (Fuzzy) 
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Figure 4.29 WECS Power output waveform at various Wind Speed (Fuzzy) 

 

Figure 4.30 WECS Power output waveform at various Wind Speed (Fuzzy) 

Table 4.5 Efficiency of MPPT Fuzzy Algorithm 

# Wind Speed   m/s WECS Output in Watts Efficiency % 

1 12 8345 83.45 

2 11 7620 83.13 

3 9 6302 84.02 

4 7 4929 84.5 

5 5 3561 85.4 
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Table 4.6 Comparison of Efficiency of MPPT Fuzzy and P&O Algorithm 

# P&O - Efficiency % Fuzzy - Efficiency % 

1 83.2 83.45 

2 83.1 83.13 

3 83.3 84.02 

4 84.3 84.5 

5 85 85.4 

 

4.3  Battery management system  

In the wind-solar power systems, the battery is the important part to store the generated 

energy. The Lead-Acid battery and its controller parts are designed in order to increase the 

performance of that hybrid system, since they are not producing at a constant rate. In this thesis, 

the battery system can operate on the battery modes which are charging and discharging. Also, the 

system output can be managed by battery. 

4.3.1  Fuzzy Based Battery management system  

The battery system is developed as the fuzzy logic controller based in the Matlab/Simulink. 

Figure 4.31 shows the fuzzy design of battery system. The battery system is combined with bi-

directional converter for the battery charging or discharging through this converter. This converter 

has two power electronics switches; Q1 and Q2. The proposed fuzzy controller’s operation 

depends on the status of that switches. The Fuzzy controller has one input membership function 

which is the value of difference between load power and renewable energy power as illustrated in 

Figure 4.32. Two output of the membership function are developed to operate on the power 

electronics switches (Q1 and Q2) based on input value as expressed in Figure 4.33 and Figure 

4.34. Finally, the fuzzy rules are applied depends on the input and output parameters. The proposed 
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grid integration of solar and wind power systems are simulated in Matlab/Simulink with the battery 

system. In these studies, there are two cases which are considered; case 1: Load demand is less 

than power of renewables and case 2: Load demand is greater than power of renewables. For case 

1, the simulation results are, such as PV power, wind power, load demand and battery power 

presented in Figure 4.36. The load voltage and load current are given in Figure 4.37. For case 2, 

the simulation results are, such as PV power, wind power, load demand and battery power 

presented in Figure 4.38. The load voltage and load current are given in Figure 4.39. The grid 

voltage waveform of the power distributed grid is presented in Figure 4.40. Finally, the THD 

values of the current and voltage are presented in Figure 4.41 and Figure 4.42 respectively.   

 

 

Figure 4.31 Fuzzy Design for Battery Management System 

 

Figure 4.32 Fuzzy input membership function for Battery Management System 
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Figure 4.33 Fuzzy output membership function for Battery Management System 

 

Figure 4.34 Fuzzy output membership function for Battery Management System 

 

Figure 4.35 Fuzzy Controller rules for Battery Management System 
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Figure 4.36 Voltage and Current waveform for smaller Load 

 

 

Figure 4.37 Power Waveform at various sources under different conditions for smaller load 
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Figure 4.38 Voltage and Current waveform for large Load 

 

 

Figure 4.39 Power Waveform at various sources under different conditions 
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Figure 4.40 Distributed grid Voltage waveform 

 

Figure 4.41 Load Voltage THD Waveform 

 

Figure 4.42 Load Current THD Waveform 
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In this chapter, the proposed hybrid grid integration of solar and wind power with battery system 

by using MPPT controllers, were simulated at Matlab/Simulink. The MPPT controller has been 

developed for wind and solar systems and analyzed system performance under various conditions. 

Fuzzy based battery system is developed and tested for the proposed system. The proposed system 

voltage and current THD values are calculated as evaluated based on IEEE 1547 standard.   
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5 CHAPTER 5 

MARKET ANALYSIS & FINANCIAL PRESENTATION 

 

In this chapter, the economic analysis of the proposed system is presented by using Hybrid 

optimization model of renewable energy (HOMER) [51] and System Advisor Model (SAM) [18] 

software. The installation of this system has been planned in Istanbul, Turkey. The schematic of 

the system which includes the market products and their costs are presented. 

5.1  Solar and Wind Energy Potential of Turkey 

The solar energy is most popular renewable source in Turkey due to high energy potential 

which is approximately 15,120 TW/h (terawatt (1012) hours) by only natural resources [52] and 

the country is feeding by the sunlight during the 2.640 hours in a year as average. It can be 

calculated as 7.2 hours for daily duration. On the other hand, the daily pressure of radiation is 

about 3.6 kWh/m2 [53]. In Figure 5.1 demonstrates the global horizontal irradiation (GHI) map of 

Turkey which location is better for solar energy installation.  

 

Figure 5.1 GHI level demonstration in Turkey map [54] 
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The selected residence is located in the latitude, 410 04’ 57.71” N and longitude, 280 39’ 21.18” E 

in Istanbul, Turkey. The solar GHI data of that location is obtained from NASA Surface 

meteorology and Solar Energy database in order to implement in the HOMER and SAM software 

[51, 18]. It is demonstrated in Figure 5.3. The annual average radiation is 3.94 kWh/m2/day. 

 

Figure 5.2 Monthly average solar irradiation levels at the selected location 

The monthly average temperature of that location is presented in the Figure 5.3. The annual 

average temperature is measured as 14.46 0C. 

 

Figure 5.3 Monthly average temperature levels at the selected location 
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On the other hand, the minimum wind energy capacity of Turkey is determined as approximately 

50,000 MW for the area which has 8.4 m/s or higher wind speed and 48,000 MW for the area 

which has 7 m/s or higher wind speed [52]. The wind map of Turkey is illustrated in Figure 5.4 

and the operation area of this thesis is circled.  

The wind speed data of the selected location is obtained from NASA Surface meteorology and 

Solar Energy database in order to implement in the HOMER and SAM software [51, 18]. It is 

illustrated in Figure 5.5. The annual average speed is 5.76 m/s. 

 

Figure 5.4 The wind speed demonstration zone by zone in Turkey [55] 

 

Figure 5.5 Monthly wind speed levels at the selected location 
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5.2  System Design and Market Analysis 

Technical specification of the system components are obtained from the SAM software 

[18] and the system is designed in HOMER software [51] by using that specification. The grid 

integrated wind and solar energy are combined with battery and converter. The system’s load is 

added as a residence which is in the selected location. The 24 hours load profile is illustrated as 

hour by hour in Figure 5.6. 

 
Figure 5.6 24-hours load profile as hour by hour 

The scaled annual average load demand is calculated as 11.26 kWh/day. The peak demand in a 

day is 2.09 kW. The proposed system is designed in HOMER software with the implementation 

of the market products as shown in Figure 5.7. 

 

Figure 5.7 The proposed system design 
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Turkish Electricity Transmission Corporation (TEIAS) delivers the electricity to residences by the 

grid. The electricity cost is $0.122 cents/kWh which regards the rate of exchange [56]. The grid is 

a backup equipment which draws the surplus power. In this system, the electricity cannot sell back 

to grid in Turkey. However, this scenario is calculated by next section additionally. The load 

demand can be supplied by grid, when the renewables cannot generate the enough power.  

Photovoltaic array is selected as LG300N1W-G3 [57] (flat plate) which manufactures by LG 

Electronics. Its life time is about 25 years and it has 13% efficiency. Initial installation cost (ICC) 

of that PV panel is $1,066 per 1kW. The yearly maintenance and operation cost (O&M) is assumed 

as zero.  

Bergey Excel 10 wind turbine [58] has been used in the proposed system. It manufactures by 

Bergey Windpower. Its life time is about 20 years and the Initial installation cost (ICC) is $2,750 

per 1kW.    

The used converter/inverter is Trio-20.0 TL [59] which manufactures by ABB. It has 97.50 % 

efficiency and it is working with MPPT voltage input and the life time of this product is about 10 

years. The capital cost for the converter is $2,800 for the 20kW capacity.  

SIND 04 2145 [60] is the implemented battery in the system and it is manufactures by Trojan 

Battery company. There are 17 years life time of that product and it is an advanced lead-acid 

battery. Also, it has 2145 Ah capacity at 100 hours. The capital cost of that battery is $1,250 for 

two banks.  

The total cost of the system components are presented in Table 5.1 with product brands, their 

ratings and quantities. 
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Table 5.1 System Equipment [57, 58, 59, 60] 

 

 

5.3  Financial Presentation and Optimization Results 

The system consists of different equipment which is presented in Table 5.1. There are 

several scenarios in this system. The wind-solar can be used together or separately with different 

ratings. On the other hand, the sellback is not an option in Turkey, however, it is going to be an 

option after 2020. This case is presented additionally.  

The cost of energy which is levelized (COE) as average per kWh of the produced electrical energy 

by the system is one of the obtained parameters [61]. The annual producing electricity cost is 

divided by the total electric load served by the HOMER software. Also, the operating cost can be 

obtained due to all costs which are annualized other than capital costs. It is shown in Equation 

(5.1) [61]. 

𝐶𝑂𝑃𝐸𝑅𝐴𝑇𝐼𝑁𝐺 = 𝐶𝐴𝑁𝑁𝑈𝐴𝐿,𝑇𝑂𝑇 − 𝐶𝐴𝑁𝑁𝑈𝐴𝐿,𝐶𝐴𝑃𝐼𝑇𝐴𝐿  (5.1) 

 

Equipment Company 

Manufacturing 

Max. Rating 

per item 

 

Quantity Total Cost 

USD 

Wind Turbine Bergey Wind Power / 

Bergey Excel 10 

10 kW 1 $27,500 

PV module LG Electronics / 

LG300N1W-G3 

300 W 34 $10,660 

Battery Trojan / SIND 04 

2145 

8.879 kWh 2 $1,250 

Converter ABB / Trio-20.0 TL 20 kW 1 $1,900 
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The system’s present value of all cost should subtract from the all revenue’s present value during 

life time in order to obtain the total net present cost (NPC) of the system [61]. That costs include 

the capital costs, operation and maintaining costs, and cost of the purchased energy from grid. The 

revenue is the grid sales.  HOMER calculates the total NPC by using the annualized total cost and 

levelized energy cost [51, 61]. 

The fraction percentage is the renewables’ energy contribution percentage for the system. In the 

different cases, the minimum COE can be obtained in order to provide the system optimization. 

The annualized operation cost, initial capital costs, annual production, purchased electric energy 

from grid and fraction percentage are given according to scenarios. 

CASE 1: PV + BATTERY + CONVERTER + GRID 

The different PV rating is applied with battery, converter and grid integration and system is 

optimized in various cases in terms of the architecture and cost of the system.   

Table 5.2 System architecture and costs for 3kW PV, 1 battery bank, 10kW converter 

 

Table 5.3 System architecture and costs for 10kW PV, 2 battery bank, 10kW converter 
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CASE 2: WIND + BATTERY + CONVERTER + GRID 

The different wind turbine rating is applied with battery, converter and grid integration and system 

is optimized in various cases in terms of the architecture and cost of the system.  

Table 5.4 System architecture and costs for 3kW wind, 1 battery bank, 10kW converter 

 

Table 5.5 System architecture and costs for 7kW wind, 1 battery bank, 10kW converter 

 

CASE 3: PV + WIND + BATTERY + CONVERTER + GRID 

The various wind turbine and PV panel rating are implemented with battery, converter and grid 

integration as a hybrid system and that system is optimized in various cases in terms of the 

architecture and cost of the system. 
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Table 5.6 System architecture and costs for 3kW wind, 3kW PV, 1 battery bank, 10kW converter 

 

 

Table 5.7 System architecture and costs for 7kW wind, 3kW PV, 1 battery bank, 20kW converter 
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Table 5.8 System architecture and costs for 10kW wind, 3kW PV, 1 battery bank, 20kW converter 

 

 

Table 5.9 System architecture and costs for 10kW wind, 10kW PV, 2 battery bank, 20kW converter 
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If the produced energy which is more than the load demand, sellback to grid and the selling cost 

or sellback rate is going to be $ 0.085 cents/kWh which regards the rate of exchange. The sold 

energy is calculated as 179,840 kWh by HOMER for that case. As annualized total income from 

the sold energy is going to be $15,286 $/yr (0.085*179,840) depending on this case.  

 

Table 5.10 System architecture and costs for 7kW wind, 10kW PV, 2 battery bank, 20kW converter 

 

The sold energy is calculated as 171,107 kWh by HOMER for that case. As annualized total 

income from the sold energy is going to be $14,544 $/yr (0.085*171,107) depending on this case.  
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6 CHAPTER 6  

CONCLUSION AND FUTURE WORK 

The grid integrated hybrid system which consists of PV, wind and battery components and 

they are modeled with the different MPPT methods that are fuzzy logic controller and P&O. The 

10kW solar and 9kW wind energy are generated with that controller algorithms. The modeled 

battery system is controlled by fuzzy logic controller, while PV and wind systems are controlled 

by either P&O or FLC.  

The proposed Fuzzy and P&O based MPPT of 10 kW PV power system has been simulated 

at various irradiance of 250 W/M2 , 500 W/M2 , 750 W/M2   and 1000 W/M2 respectively. The fuzzy 

method’s performance and efficiency is better than the P&O considered to the proposed system. 

The Fuzzy and P&O based MPPT of wind system is simulated at various wind speed such as 5 

m/s, 7 m/s, 9 m/s, 11 m/s and 12 m/s. The systems’ current and RMS waveforms are presented 

with their output power waveforms. The fuzzy based system is more efficient than the P&O based 

MPPT for the proposed system. They compared either graphically or numerically in Chapter 4.   

On the other hand, the specific market products are selected in order to install the hybrid 

system in a residence which is located Istanbul, Turkey. The weather data of that location and 

specification of the components which are wind, solar, battery, converter, grid and load, are 

transferred into HOMER software. The system is optimized economically and some different 

scenarios are obtained in terms of the annualized system production and costs. Solar, wind and 

solar-wind combined systems with different kW ratings are, either presented financially or 
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analyzed in order to observe the systems’ efficiency in Chapter 5. Also, the sellback scenario is 

discussed and the sold energy (surplus to requirement) is calculated approximately.  

This thesis presents the solar-wind-battery energy systems and their control mechanisms 

with the real case economic analysis. The system has both AC and DC loads which are grid and 

residential. The simulated system provides to implement different loads in this way. The power 

outputs and the system performance were analyzed owing to different kind of the MPPT methods 

which are Perturb & Observe (PO) and Fuzzy Logic Controller (FLC). The output waveforms are 

tracked under the different weather conditions and different variables to observe the alteration of 

the system. A more productive and efficient method is determined as FLC in this way. 

For future work, the PV and wind rating of the simulated system can be increased in order 

to provide the commercial use. The different MPPT algorithms can be used for the PV and wind 

instead of P&O and FLC. They may be Incremental Conductance, Current Sweep, Short-Current 

Pulse, Constant Voltage and Neuro Fuzzy algorithms/controllers. The proposed system can be 

tested by using them. The system efficiency can be increased in this way. Also, the different system 

loads like an electric vehicle station or water pumping system can be implemented in this hybrid 

power system simulation. On the other hand, the system can be economically analyzed for the 

varied countries and locations to increase the performance and produce rating of the renewables. 

The presented financial scenarios may be developed owing to sellback option and additional 

renewables.  
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Appendix A: PV Panel Datasheet 

LG300N1W-G3 PV data-sheet that is manufactured by LG electronics, is presented below [57]. 
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Appendix B: Wind Turbine Datasheet 

Bergey Excel 10 wind turbine which manufactures by Bergey Windpower, has been used in the 

proposed system [58]. 
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Appendix C: Converter/Inverter Datasheet 

The used converter/inverter is Trio-20.0 TL which manufactures by ABB [59]. It is working with 

MPPT voltage input that is given its datasheet. 
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Appendix D: Battery Bank Datasheet 

SIND 04 2145 is the implemented battery in the system and it is manufactures by Trojan Battery 

company [60]. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


