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Abstract
Power Quality Analysis of a Grid Connected PV System

Recently, the use of a grid-connected photovoltaic (PV) system has increased in order to
meet the rising demand of electrical energy. This needs to improve the materials and methods
used to harness this power source. Several approaches are proposed in order to accomplish the
maximum power point tracking for a PV array such as; Perturb and Observe, Incremental
Conductance, open circuit voltage, short circuit current, fuzzy or neural based etc. Among all
of these techniques those based on Atrtificial Inelegance are very efficient nevertheless they are
more complicated. The controller may be conventional or intelligent such as Fuzzy Logic
Controller (FLC). FLCs have the advantage to be relatively simple to design as they do not
require the knowledge of the exact model and work well for nonlinear system. The

advantage of FLC is that the linguistic system definition becomes the control algorithm.

In this thesis, a PV model is used to simulate actual PV arrays behavior, and then the
performance of three maximum power point tracking techniques is evaluated for grid-
connected PV system in order to control the DC-DC converter. The methods used for
comparative study are (i) Perturb & observe (P&O) (ii) Incremental conductance technique
(ICT) and (iii) Fuzzy logic based (FLC). Voltage-Sourced Converter (VSC) technique is
applied on the three phase inverter so that the output voltage of the converter remains

constant at any required set point which facilitates the maximum power point process.

A grid-connected complete PV model is generated to simulate the actual life case. The
proposed FLC algorithm is compared with the conventional hill climbing based techniques.
The grid disturbances effects on a grid connected PV array were studied while considering
different maximum power point tracking algorithms. The grid disturbances involved in this
thesis are the different types of faults, voltage sag, and voltage swell. A comparative study of
the grid disturbances effect on the three maximum power point tracking algorithms is

discussed.



Simulation results show that the proposed FLC algorithm gives least oscillations around
the final operating point and gives faster response than the conventional hill climbing based
techniques under rapid variations of operating conditions. Also the VSC inverter control
scheme shows fast response and that facilitates the maximum power tracking process with the

grid connection.

Furthermore, the simulation results under steady state condition show the effectiveness of
the MPPT on increase the output power of the PV array for the three techniques. However the
FLC algorithm offers accurate and faster response compared to the others. The simulation
results under transient conditions show that, the output power injected to grid from PV array
is approximately constant while utilizing the proposed FLC and the PV system can still

connect to grid and deliver power to grid without any damage to the inverter switches.



Contents

AADSTIACT ...ttt b bt h bt b a bt h bbb et n e enes I
(©0] 0111 01 1T OUPRRURRS vV
LISE OF TADIES ..ottt VI
[ 0] T OO R PR VI
LiSt Of ADDIEVIBLIONS ......ooveiiiiee ettt s X
CHAPTER L ettt et e h e s h e st e bt e bt e bt e s bt e sheeeaeeeate e bt e abeesbeesueeeabeenbeenbeenbeens 1
INTRODUGCTIOIN L.ttt ettt ettt et e e sh e e s aeesat e s abe e beebeesaeesatesatesatesabeebeebeesaeens 1
1.1 INTRODUCGTION ...ttt ettt ettt sttt sttt sttt s ae et e st e st et e sbe et e nbesbeentesbeeneenee e 2
L2 MOTIVATION ...ttt bttt s h et bt sht et s bt e b e st e e at e besbe et e b e sbeenbesbeeneeneens 3
L3 OBUIECTIVES ...ttt sttt ettt b e bt e s ae e st et e b e e bt e sbeesaeesanesaneenne 3
1.4 OUTLINE OF THE THESIS ...ttt sttt ettt st st 4
CHAPTER 2 ettt ettt e b e bt s h e sttt e bt e bt e s bt e shee s ate e ateesbe e bt e sbeesatesabeenbeenbeesbeens 6
INTRODUCTION TO PHOTOVOLTAIC ENERGY ...ttt ettt 6
2.1 BACKGROUND ..ottt sttt ettt et bt et e st s bt et e s b e sbte bt sae et e st e satenbesbeenbenbens 7
2.1.1 RENEWADIE ENEIQY . .oeeieeiecieeeee ettt sttt ettt et e te e aeeabesbe e b e teessessesrnensenseas 7

2.1.2 SOIAr ENEIGY ..ottt ettt ettt et e st e et e st e e ae et e be e b e teera e resreenrenrean 9
2.1.2.1 The PhOtOVOItAIC RESOUICE ........couiriirieieieieeeeeete et 9

2.2 PHOTOVOLTAIC BACKGROUND.....ccetiiiiiteiteitesitesteste sttt ettt sttt e sbe e s saee e 10
2.3 PRINCIPLE OF PHOTOVOLTAIC SYSTEMS ..ottt sttt 10
24 TYPES OF PV CELLS ...ttt sttt sttt et sbe et bt e be e 11
2.5 EQUIVALENT CIRCUIT AND MATHEMATICAL MODEL .....oocoiiiiniiiiirieieeeeeeeee e 13
2.6 NON LINEAR CHARACTERISTICS VERIFICATION ...ttt 15
2.7 PV APPLICATIONS ..ttt sttt ettt ettt st ettt et e s bt e she e sateeabeebeesbeesbeesaeesaees 18
2.8 ADVANTAGES OF PV SYSTEMS ...ttt ettt sttt et 19
2.9 SUMMARY L.ttt sttt b e bt bt e e b b e h bR bt a bt bt e bt e bt e Rb e bt nbe e nhe e nheenanennbas 20
CHAPTER 3 ettt sttt e b e bt e s bt e sa e e sab e et e et e e bt e sbeesheeeateeabeebeenbeesaeesanesaees 21
MPPT ALGORITHIMS ...ttt ettt b e st e st e e ate e sbe e beesaeesatesabeebeenbeenbeens 21
3.1 REVIEW OF MAXIMUM POWER POINT TRACKING .....cccotiiieiieienieree et 22
3.2 MAXIMUM POWER POINT TRACKING........cooitiiteiteniesir sttt ereesieesieeseeesnesssessseesseesseesssesnnes 23
3.3 CONTROL ALGORITHMS ...ttt ettt sttt sttt sttt et bbbt et b eae b 24



3.3.1 Hill CHIMbBING MENOU......cc.eiiieeieeeecee ettt et e te e srn e s st e e e ba e seesrne s 24

3.3.1.1 Perturb and Observe method (P&O) .....coouvvuieieieieeeeeee e 24

3.3.1.2 Incremental Conductance Method (ICT) ..c..eovevveeeirininenereeeeee e 26

3.3.2 Proposed Fuzzy Logic Controller Based Algorithm (FLC)......ccovvivieverieieseceeieeeeeee 28
3.3.2.1 MPPT Fuzzy LogiC CONLIOIIET .....coeeveeeeeieceeeecteeee ettt 28

3.4 DC-DC CONVERTERS ... oottt ettt et ettt e be e sbe e saeesateeaeas 32
3.4.1 BOOSE CONVEITEIS.......eitiieietertieieeste sttt ettt sttt sb et sh et s bt et e st sbe e s s b e eaeenresse e b e sreennenne e 32
3.5 VOLTAGE SOURCE CONVERTER (VSC)...ictiiieieieieeiesiesitete ettt enee e 33
3.5.1 DQ TranSTOrMAatiON......cc.eiiii ettt ettt ettt ettt e eteeebeebeesbeesteesaaesabesabeeabeesbaesseesseeas 34
3.5.2 Phase LOCKEA LOOP (PLL) c..cuiereiieeetecieeterteetete sttt ettt st a e st te b ensesneeane e e 35
3.5.3 VECLOI CONLION ...ttt ettt ettt 35
3.5.3.1 DC-Voltage COoNtrOIIEr ......ocvieieeieecee et 36

3.5.3.2 Inner Current CONTIOTIEN .......c.oiiiieeereeeee s 37

3.6 SINUSOIDAL PULSE WIDTH MODULATION (SPWM)....ccceeiiiieierieieesieeere e 38
BT SUMMARY Lottt ettt et b et b e s bt et e s bt e he et e bt et e s b e e at et e she et e nheeae et e 39
CHAPTER 4 .ttt ettt e b e bt e s bt e s a et s at e et e e bt e bt e sbeeshe e sat e et e e beesbeesmeesanenanes 40
POWER QUALITY TERMS AND DEFINITIONS ..ottt 40
4.1 INTRODUGCTION ...ttt ettt sttt et b e e s bt e sae e sat e e abeebeenbeesbeesaeesatesabeeane 41
4.2 DEFINITION OF POWER QUALITY .ottt sttt ettt st sttt sne e 41
4.3 POWER QUALITY DISTURBANCES CLASSIFICATION ...oooviivienierieeieeieenee e 42
4.3 L TIANSIENTS ..viutiiteiirteitetet sttt ettt b et bbb bttt b ettt b e b b 43
4.3.2 ShOrt-DUration Variations...........ccoueerieuirieinieinieineteee ettt 43
4.3.2.1 VOItage SAQ (DIP) eeeieeeeieeieeiieecieeriesieeteeteesteesteesteesaesteeteesteestaessaesnreenteeteensaesraens 43

4.3.2.2 VOIAGE SWEIL ...ttt te e te e e s st e e beeraenrae s 44
4.3.2.3V0ltage INTEITUPTION .....ocveieiieiieiieeeee sttt s 44

4.3.3 LONG-DUration VariationS..........cecieierieiieeieseseesieseetesteseessesteesessesseessesseessessesssessessesssessens 44
e T R @ 1V =T Vo] | = To 1< SRS 44

4.3.3.2 UNAEI-VOIAGE ....cveeeeeiecteeie sttt ettt sttt et st a et a et e s be et e sbeesa e teennesenes 44

4.3.4 HAIMMONICS ...ttt ettt ettt b e bbb b e e e e et b e bt e b e neeebe b e s e e enneneas 45
A4 SIGNAL ANALYSIS ..ttt ettt sttt st e b e e st e s et e st e s be et e e nbaesbaesanesatesnseenne 46
4.5 CONGCLUSION ...ttt ettt ettt st st st e bt e s bt e satesabesabeenbeebaesbaesaeesatesnsesnne 47



CHAPTER 5 SIMULAION RESULTS ...ttt s s 48

5.1 INTRODUGCTION ..ottt ettt ettt st ettt e bt e s bt e sae e st e e abeebeesbeesbeesaeesaees 49
5.2 SYSTEM UNDER STUDY ..ottt sttt sttt et s e st st sbeesseesaeesasesatesnsesnsessseesssesasesnss 49
5.3 PV MODELING FOR SIMULATION ......tiiititeieetesteete ettt sttt s s s e 50
5.4 BOOST CONVERTER MODEL ......ooitiiiiiiieeee ettt s 53
5.5 PERTURB AND OBSERVE CONTROLLER ..ottt 54
5.6 INCREMENTAL CONDUCTANCE CONTROLLER......ccociiteteeetertene e 55
5.7 PROPOSED FUZZY LOGIC CONTROLLER ......ooiiiiiiee ettt s 55
5.8 INVERTER CONTROLLER.......coitieeeetete ettt ettt st s s e 57
5.9 SIMULATION RESULTS. ...ttt sttt ettt st st e b e b e sneesanesmees 58
5.9.1 STEADY STATE ANALYSIS ...ttt st et sre e 59

5.9.2 TRANSIENT ANALYSIS ettt st st st sae e 63

5.9. 2.1 FAULT ANALYSIS ..ottt sttt s st st st st 63

5.9.2.2 SAG ANALYSIS ettt ettt st st et et 68

5.9.2.3 SWELL ANALYSIS ...ttt sttt sttt st nbe 70

5.10 CONCLUSION ...ttt sttt ettt e bt e s b e sheesae e st e e b e e abeesneesaeesmees 71
CHAPTER 6 CONCLUSION AND SCOPE FOR FUTURE WORK ......cccciiiiiiiniieiieeeee e 72
6.1 CONGCLUSION ...ttt ettt sttt e bt e s bt e sheesat e et e ebeesbeesbeesaeesaees 73
6.2 SCOPE FOR FUTURE WORK ...ttt ettt sttt ettt saae st st et esbeesaeesaee e 74
REFERENCES ...ttt sttt st ettt h et s b e a et sbe et e s b e eb e et e sbeeabesbesaeebesbeensenbeas 75
REFERENCES...... .ottt st b e et h et s bt s at e st e sbeeab e s b e sbe et e sbe et e sbeeaeetesues 76
APPENDICES ...ttt et b e sttt s bttt e s b e e s bt e s ae e sat e et e et e e beenbeesaeesaneenre e e 79
APPENDICES ...ttt et ettt b e s bt e s at e s at e e ab e et e e bt e beesbe e she e sateeateere e 80
I AN ] o 1=T o [ A RS USSN 80
1.2 APPENAIX B ..ottt bbb ettt h bt a ettt nnene s 82
NI N o] 1= o [ ST ORR 85
IR N o] 1= o [ 5 TR 86
I A o] 1= o [ RO 88
PUBLICATION OUT OF THIS THESIS ...ttt ettt sttt 91

\



Table 3.1:
Table 4.1:
Table 5.1:
Table 5.2:
Table 5.3:

List of Tables

FUZZY RUIES tevtniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitietieiiietiecetatiececncescsscnscncssenns
Characteristics of Short-Duration Variations and typical causes ...................

SIMUIation PArameters ceveeeeieieieieiiiiiiitiieiettiiiiieieietatactetetetecesasncnenen.
KC200GT Module Parameters ......cccceeeeiieieneieiiasccssnsscssesscossssscssnsssssnee.
The performance of three different algorithms ......ceeeuveneiiniiiiiiniin

Vil

31
45
50
53
62



Fig.2.1:
Fig.2.2:
Fig.2.3:
Fig.2.4:
Fig.2.5:
Fig.2.6:
Fig.2.7:
Fig.2.8:

Fig.2.9:

Fig.2.10:

Fig.2.11:
Fig.3.1:
Fig.3.2:
Fig.3.3:
Fig.3.4:
Fig.3.5:
Fig.3.6:
Fig.3.7:
Fig.3.8:
Fig.3.9:
Fig.3.10:
Fig.3.11:
Fig.3.12:

Fig.3.13:
Fig.3.14:
Fig.3.15:
Fig.3.16:

Fig.5.1:
Fig.5.2:
Fig.5.3:
Fig.5.4:

List of Figures

Renewable energy share of global electricity production, 2013 [6]...ccccceeueenn..
Total World Capacity of PV (1995-2012) [6]..ceceeeereareeceecnrancceccscnsansascesnnns
Principle of PhotovoltaiC CellS ..vuvverniiniieiiiiiiiniieiiieniiniieiieenisnieessecnsonssnns
Mono-crystalling Solar PAnelS.....eeveeeieiiiieiieiiiiiiiiieiierniiiieciesnesessesecnnn.
Polycrystalline Solar PanelS.....cceeviiieiieiiiiiieiieriiiniierierniiaisessesnssnssecneen
AMOrphous Solar PanelS....ccieieeeiiiieiiiiniiiieeieenienteeceecesenssncescscnsansenn.
Equivalent Circuit of PV mMOdUIE....ciuiiiieiiieiiiiiiiiieteiietienesatessesseasasesonn

I-V and P-V characteristics of the PV module at constant temperature 25°C and
A1 ¢ (111 D 1y 11 1 B 1 T PN
I-V and P-V characteristics of the PV module under constant irradiance and

different temPerature........ccovviiiieiiiieiiiieiiieieiiristnscsessssssscsssscssssssssscsnsse

I-V and P-V characteristics at constant temperature 25°C and various
Irradiances fOr the PV array..ccceiceeeereieieeeeiiesntercecersesesoscasossnsnssssessssnsnsas
Typical grid - connected PV SYSEEIMS ..cuiieieiierniierarerinsesarersesnsessasessssnsssnms

P-V characteristics of a practical PV array showing MPP......ccccccieiieiiiiennnnnnn.
Maximum Power Point Tracker (MPPT) system as a block diagram...............
Flowchart for maximum power point tracking for (P&O) Algorithm...............
Flow Chart for maximum power point tracking for (ICT) Algorithm...............
Block diagram of Proposed Fuzzy (FLC) Based Tracking....cceeeeeeereecreecnsncen
Power-voltage characteristic of a PV module......ccccevuiiiiiieieiniieiiiieninecnnnne
Membership functions for input variable (E)....cceeeeriiiiiiiiiiiiiiiiiecneciennene
Membership functions for input variable (CH_E)...ccccveiieiieiiiiiiniieeieiniennene
Membership functions for output variable (D).....cccceiviiiiiiiiiiiniiiniiiinicinnnnn.
Boost Converter CirCUit DIagram...ceceeeeeeeeeieeseresessersesnssssasessnsessssassssnsmnns
Functional control diagram of VSC using vector control.......cccceeeeveiverninennnnn.
Transformation of axes for vector CONtrol......c.ccveveiieiiieriiieiniiiienniiannnnnnn.
Schematic diagram of the phase locked 100p (PLL).ccuiieiiiieinieeieeniinceeecnnnnns
Simulink Model of the DC-Voltage Controller........ccceveiieiieieiiniinceecrencnnes
Total converter control SCNEME.....cvuiiiiieieiiiiiiiiiiiiiiiiiiiieirreeierieenaenses
Pulse width modulation Waveforms.....ccveveiieiiiiiieiiiiieiiiniierieenecreecenannn.
Block diagram of the grid connected photovoltaic system......cccceeeeenrenrennnnnne.
Simulink Model for Evaluating Ig..cceeeeeeeieiiiieeeneiieriarenrenecneceacensansensnn
Simulink Model for Evaluating Ly ...ceeeeeeieiiinniiiiiiiiiiiiiiininiiniinenennnn
Mathematical Model Implementation for Model Current Ip..eeeeeeeieeneninennnn.
Vil

11
12
12
13
13
15

16

17

18
22
23
25
27
28
29
30
30
30
32
33
34
35
37
37
38
49
51
51
52



Fig.5.5:
Fig.5.6:
Fig.5.7:
Fig.5.8:
Fig.5.9:
Fig.5.10:
Fig.5.11:
Fig.5.12:
Fig.5.13:
Fig.5.14:
Fig.5.15:
Fig.5.16:
Fig.5.17:
Fig.5.18:

Fig.5.19:

Fig.5.20:
Fig.5.21:
Fig.5.22:

Fig.5.23:
Fig.5.24:

Fig.5.25:
Fig.5.26:

Fig.5.27:
Fig.5.28:

Fig. 5.29:
Fig.5.30:
Fig.5.31:

Fig.5.32:
Fig.5.33:

Simulation of the Photovoltaic Module.....ccvvevuiiiiiieiniiiiereininiiererniienecnnnnn.
PV MOdel SUDSYSIEM. . euuiiniieiieiiiiiieeneietitiateeeneensensescscnsencescscnsansoncnnn
Block Diagram of Boost Converter Model......coiveiieiiiieiieiiiiniiniiecnecniencennens
Maximum Power Point Controller Using P&O....ccceeiiuiieiieiniiniieeienercnsencenes
Maximum Power Point Controller USiNg ICT ...uiiiiiiieiiiiiieinecnieeceensencenanns
Controlling the PV power USING FLC...cciviiiiieiiiiiieciiinieecrsarescnssnssssnsscnss
Fuzzy logic membership functions after tuning in three directions..................
Control of three phase INVEIter....ovvieiiiiiieiiiiiiiiiiiiiiriiitieiiiecnerasiasnsnns
DC-link voltage VS Reference VOItage....ceeeeeiieiieieiieiiiiniieceecteecnecnseacesancens
The MATLAB/ Simulink model of the system under investigation...................
Voltage, Current and Power Output of PV array with MPPT Based P&O ........
Voltage, Current and Power Output of PV array with MPPT Based ICT .........
Voltage, Current and Power Output of PV array with MPPT Based FLC.........

The output power of the PV array using the three different algorithms

AL CONSTANT I T AAIANCE et eeeteeirinrereeeeennseeeeesensseeccssssssssssssssnssssscsannnnsses

The output power of the PV array using the three different algorithms

VY LA =1 o] (SN T 6 o= Lo [ - T o)
The MATLAB/SIMULINK model of the Grid Connected PV system...............

Output Voltage and current at the PCC with 1L-G fault....cccceeeiiiiieineinnnnnn.

Output Power of the PV Array using the three different algorithms with 1LG

Output Power of The PV Array using the three different algorithms

VAT L] o g T R R 11| |

Output Voltage and current at Point of common coupling (PCC)

10T/ T I I I N =11 | |

Output power of The PV Array using the three different algorithms

WITh L-L-L-G faUlt. e eneeneiiiiiiiiieiiniiietiieeeeeinteecnseecescnsencescnsessnssnsonnns
Grid Connected PV system under Sag ANalySiS...cceeeeereeeereareesnreessscnsaecnssnnes

Output voltage and current at PCC in case of voltage decreased to 50% ..........

Output power of The PV Array using the three different algorithms

(6] 10 (=T gV o] | 7= 1o - T TN
Output voltage at the PCC in case of voltage increased t0 30% .....cccceeeveennnens

Output power of the PV Array using the three different algorithms

Under voltage sWell CONAitioN...coviieiieiiieiiiiiieiiiiiieenireieesnrsnseesssnsescnssnss

62

63
63
64

64
65

65
66

66

67

67
68
68

69
70



PV

List of Abbreviations

Photovoltaic

Array series resistance

Array parallel resistance

Number of series modules

Number of parallel modules

Output current of the array

Output voltage of the array

Module current

Diode ideality constant

Thermal voltage

Number of cells connected in series
Electron charge

Boltzmann constant

Temperature of the P-N junction in Kelvin’s
Photovoltaic current

Reverse leakage current of the diode

Nominal photovoltaic current at 25°C and 1000 W/m?

Current temperature confidents

Voltage temperature confidents

Irradiance (W/m?)

Irradiance at nominal conditions

Short circuit current at nominal conditions
Open circuit voltage at nominal conditions

Difference between the actual and the nominal temperatures in Kelvin’s

Duty-Cycle

Maximum Power Point

Maximum Power Point Tracking
Fuzzy Logic Controller
Perturbation and Observation
Incremental conductance technique
Voltage Source Converter

Pulse Width Modulation



CHAPTER 1
INTRODUCTIOIN



1.1 INTRODUCTION

The usage of the grid-connected photovoltaic (PV) system has improved in order to meet the
rising request of electrical energy. The non-linear characteristics of the PV array and the
dependency of its output power on the array terminal voltage for the same environmental
conditions make the task of efficiently utilizing the power generated by PV array challenging.
When many such PV modules are connected in series and parallel combinations we get a PV array,

that suitable for obtaining higher power output.

The applications for PV energy are increased, and that need to improve the materials and
methods used to harness this power source. Main factors that affect the efficiency of the collection
process are PV efficiency, intensity of source radiation and storage techniques. The efficiency
of a PV is limited by materials used in PV manufacturing. It is particularly difficult to make
considerable improvements in the performance of the cell, and hence controls the efficiency of the
overall collection process. Therefore, the increase of the intensity of radiation received from the

sun is the most attainable method of improving the performance of solar power.

There are two major methodologies for maximizing power extraction in solar systems. They are
sun tracking, maximum power point (MPP) tracking or both. These methods need controllers which
may be intelligent such as fuzzy logic controller or conventional controller such as Perturb &
Observe method and Incremental Conductance method. The advantage of the fuzzy logic control is
that it does not strictly need any mathematical model of the plant. It is based on plant operator
experience, and it is very easy to apply. Hence, many complex systems can be controlled
without knowing the exact mathematical model of the plant. In addition, fuzzy logic simplifies
dealing with nonlinearities in systems. The most popular method of implementing fuzzy controller

IS using a general-purpose microprocessor or microcontroller.

Later on in this thesis, three tracking algorithms are studied and compared on steady-state and
transient conditions. The first algorithm is based on P&O, the second is based on ICT and the third
is based on FLC algorithm. Also a complete grid connected structure is proposed along with a DC-
AC inverter control technique based on VSC (Voltage-Sourced Converter).



1.2 MOTIVATION

Renewable energy is the energy which is collected from the natural resources like sunlight,
wind, tides, geothermal heat etc. As these resources can be naturally replaced, for all practical
purposes, these can be considered to be limitless unlike the narrowing conventional fossil fuels.
The global energy crisis has provided a renewed impulsion to the growth and development
of clean and renewable energy sources. Another advantage of utilizing renewable resources over
conventional methods is the significant reduction in the level of pollution associated. The cost of
conventional energy is rising and solar energy has emerged to be a promising alternative. They are
abundant, pollution free, distributed throughout the earth and recyclable. PV arrays consist of
parallel and series combination of PV cells that are used to generate electrical power depending
upon the atmospheric specifies (e.g. solar insolation and temperature). Nowadays, fuzzy logic
controllers have an efficient performance over the traditional controller researches especially in
nonlinear and complex model systems. Modern manufactures began to apply these technologies in
their applications instead of the traditional ones, due to the low cost and widely features

available in these controllers.

In Egypt we have a big problem in electrical power generation, since our sources don't cover all
consumer requirements, electrical power have high cost and many daily interruptions, so we need
clean renewable energy sources such as solar energy. This motivated to implement FLC techniques

to control the MPP of a grid connected photovoltaic systems.

1.3 OBJECTIVES

The main objectives of the thesis are building an FLC for maximizing the power output of the
solar arrays and comparing the FLC technique with the hill climbing techniques. Then the grid
disturbances effects on a grid connected PV array were studied while considering different

maximum power point tracking algorithms.

The specific objectives include:

e Modeling of the PV array using the MATLAB/SIMULINK.



e Using model to obtain the MPPT of grid connected PV array considering different
techniques.
=  P&O method.
= ICT method.
» Fuzzy logic method.

e The grid disturbances effects on a grid connected PV array are studied while considering
different maximum power point tracking algorithms. The grid disturbances involved in this
thesis are the different types of :

= Faults.
= \oltage sags.
= Voltage swells.

1.4 OUTLINE OF THE THESIS

The thesis consists of six chapters in which the MPPT problem is discussed in details and the proposed
control schemes are fully explained. Also the grid disturbances effects on a grid connected PV array are
studied while considering different maximum power point tracking algorithms. The grid disturbances
involved in this thesis are the different types of faults, voltage sag, and voltage swell. A comparative study

of the grid disturbances effect on the three maximum power point tracking algorithms is discussed.

Chapter two handles some basic principles of solar energy and especially on PV's and their types ,
equivalent circuits and characteristics. From which the MPPT problem originates.

Chapter three discusses the MPPT problem in details and shows different MPPT algorithms. Three
MPPT techniques are discussed in details in this chapter (P&O, ICT and the proposed FLC) and also the
role of DC-DC converters and DC-AC inverters is explained.

Chapter four In light of this definition of power quality, this chapter provides an introduction to
the more common power quality terms. Along with definitions of the terms, explanations are
included in parentheses where necessary. This chapter also attempts to explain how power quality

factors interact in an electrical system.



Chapter five shows the simulation results for the grid connected PV system using P&O algorithm,
ICT algorithm and the proposed FLC method, and the comparison between these algorithms is discussed.
The grid disturbances effects on a grid connected PV array are studied while considering different
maximum power point tracking algorithms. All the simulations are made using the
MATLAB/SIMULINK computer software.

Finally in chapter six, an overall conclusion is presented and the outcomes of the thesis are stated.



CHAPTER 2

INTRODUCTION TO
PHOTOVOLTAIC ENERGY



2.1 BACKGROUND

Renewable energy sources perform a significant role in electric power generation. There are
various renewable sources which used for electric power generation, such as wind energy, PV
energy, geothermal etc. PV energy is a good choice for electric power generation, since the
PV energy is directly converted into electrical energy by photovoltaic modules. These
modules are made up of semiconductor cells. When many such cells are connected in series and
parallel combinations we get a solar PV module. The current rating of the modules increases when
the area of the individual cells is increased, and vice versa. The increase of world energy request
and the environmental concerns lead to an increase of the renewable energy production over the last
decade. Energy sources such as solar, wind or hydro became more and more popular mainly
because they produce no emissions and are limitless. PV energy is the fastest growing renewable
source with a history dating since it has been first used as power supply for space satellites. The
increased efforts in the semiconductor material technology resulted in the appearance of
commercial PV cells and consequently made the PVs an important alternative energy source [1].
One of the major advantage of PV technology is the lack of moving parts which offers the
possibility to obtain a long operating time (>20 years) and low maintenance cost. The main
drawbacks are the high manufacturing cost and low efficiency (15-20 %). As one of the most
promising renewable and clean energy resources, PV power development has been boosted by the
favorable governmental support [2].One of the most important problems facing the world today is
the energy problem. This problem is resulted from the increase of demand for electrical energy and
raised of fossil fuel prices. Another problem in the world is the global climate change has
increased. As these problems alternative technologies for producing electricity have received

greater attention. The most important solution was in finding other renewable energy resources [3],

[4].
2.1.1 Renewable Energy
Each year, the addition of persons to world will increase and the resources required to support

them will also increase. Of the resources, one of the most dynamic to support the technological

advancing population is energy.



The energy crisis became transparent in the late 1900’s and birthed the desire to find additional
energy resources to meet rising energy demands [5].0ne choice was to increase generation of
currently used energy sources such as nuclear, fossil fuel, etc. The other was to explore new
renewable energy alternatives. Many different renewable energy sources have appeared as feasible
solutions and each one of them has their own positive and negative attributes. As a whole,
renewable energy sources all share the fact that their fuel is primarily free and they produce
minimal to no waste. These factors are the main motivation for countries to begin incorporating
renewable into their energy collection.

A predictable 19% of global energy consumption in 2013 was supplied by renewable energy
[6]. One more analysis of where the world’s energy came from in 2013 is shown in Fig.2.1. Only
19% of global energy coming from renewable may not seem to be a vast amount; however in 2013
nearly half of the new electric power capacity installed was from renewable alone. The percentage
of energy from renewable has increased every year for the past several years, and is predicted to

continue with this trend in the future.

Biomasslst'ﬂ:rl
geothermal heat
and hotwater ~ 4.1%

Hydropower 37%
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Ren:vrv:blos 9-7% [o— mﬂn?ass%larl

z
GLOBAL ENERGY ‘ 197 T e enration L1
-v Biofuels 0.8%

Nuclear power 2.8%

Fossil fuels  78.2%

Source: REN21 Renewables 2013 Global Status Report

Fig. 2.1: Renewable energy share of global electricity production, 2013 [6].

Further analyzing Fig. 2.1, the largest source of energy used globally is fossil fuels [7]. Two of the
largest other sources of energy are nuclear and hydropower. Fossil fuels are non-renewable and
generate harmful pollution when burned for energy. Nuclear power plants have the potential to be
a great energy source. However, they generate toxic nuclear waste that has to be buried and also

always poses the risk of a meltdown, which could be catastrophic for the neighboring environment.
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Hydropower generation requires damming a river or body of water, disrupting its natural flow, and
completely changing the surrounding ecosystem. A form of renewable energy gaining recent popularity
is solar [8]. Solar energy is one of the cleanest forms of energy available, converting energy from the sun
to electricity without any waste or harmful by products.

2.1.2 Solar Energy

It's the energy which derivative from the sun through the form of solar radiation. Solar powered
electrical generation relies on photovoltaic. A partial list of other solar applications includes space

and water heating, solar cooking, and high temperature process heat for industrial purposes.

2.1.2.1 The Photovoltaic Resource

The PV energy is an extremely powerful energy; actually the earth’s surface receives enough
energy from the sun in one hour to meet its energy requirements for one year [8]. PV technology
was originally created to power some of the first satellites used in space in the 1950’s [7]. When
the technology was in its early form its uses were limited, to such applications as space, due to
economic practicality. However, in the last five years the PV market has experienced rapid growth.
From 2010 to 2012 an additional 60 GW of new PV capacity was added globally, bringing the total
world capacity to 100 GW [6]. Fig.2.2 shows the exponential increase, especially over the last five

years of PV capacity.

SOLAR PV GLOBAL CAPACITY, 1995-2012
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Fig.2.2: Total World Capacity of PV (1995-2012) [6].



The growth of installed PV can be recognized to many factors but the main reasons are
increases in environmental considerations, new state laws and regulations, purchase incentives,

increases in PV cell technology and efficiency, and decreases in overall system cost [7].

2.2 PHOTOVOLTAIC BACKGROUND

Solar panels are made up of photovoltaic cells; it means the direct conversion of sunlight to
electricity by using a semiconductor, usually made of silicon [9], [10]. The word photovoltaic
comes from the Greek meaning “light” (photo) and “electrical” (voltaic); the common abbreviation
for photovoltaic is PV [11]. Then PV efficiency increased continuously in the following years,
and costs have decreased significantly in recent decades. The main material used in the
construction of PV cells is still silicon, but other materials have been developed, either for their
potential for cost reduction or their potential for high efficiency [11]. Over the last 20 years the
world-wide demand for PV electric power systems has grown steadily. The need for low cost
electric power in isolated areas is the primary force driving the world-wide photovoltaic (PV)
industry today. PV technology is simply the least-cost option for a large number of applications,
such as stand-alone power systems for cottages and remote residences, remote telecommunication
sites for utilities and the military, water pumping for farmers, and emergency call boxes for
highways and college campuses [9]. PV cells are converting light energy, to another form of
energy, electricity. When light energy is reduced or stopped, as when the sun goes down in
the evening or when a cloud passes in front of the sun, then the conversion process stops or slows
down. When the sunlight returns, the conversion process immediately resumes, this conversion
without any moving parts, noise, pollution, radiation or constant maintenance. These advantages
are due to the special properties of semiconductor materials that make this conversion possible.
PV cells do not store electricity; they just convert light to electricity when sunlight is available. To
have electric power at night, a solar electric system needs some form of energy storage, usually
batteries, to draw upon [12].

2.3 PRINCIPLE OF PHOTOVOLTAIC SYSTEMS

Photovoltaic systems employ semiconductor cells, usually several square centimeters

in size [13]. Semiconductors have four electrons in the outer shell, on average.
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These electrons are called valence electrons [11]. When the sunlight hits the photovoltaic cells,
part of the energy is absorbed into the semiconductor. When that happens the energy loosens the
electrons which allow them to flow freely. The flows of these electrons are a current and when
you put metal on the top and bottom of the photovoltaic cells. We can draw that current to use it

externally, as shown in Fig. 2.3.

NP-Junction
Silicon

Boundary Zone

Photovoltaic reaction
causes electron flow

Fig.2.3: Principle of Photovoltaic cells.

Many cells are collected in a module to generate required power [13]. When many such cells
are connected in series and parallel combinations we get a solar PV module, the current rating of
the modules depends on the area of the individual cells. For obtaining higher power output the

solar PV modules are connected in series and parallel combinations forming solar PV arrays.

2.4 TYPES OF PV CELLS

Over the recent decades, silicon has been used for manufacturing more than 80% of solar cells
although other materials and techniques are developed. There are different types of solar cells
which differ in their material, price, and efficiency, since the efficiency is the percentage of solar
energy that is captured and converted into electricity. The efficiency values are an average
percentage of efficiency, because it's difficult to give an exact number for the different types of

solar panels output [10].
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e Mono-crystalline Solar cells: They are made from a large crystal of silicon, see Fig.2.4. These

types of solar cells are the most efficient as in absorbing sunlight and converting it into
electricity. However they are the most expensive. They do somewhat better in lower light

conditions than the other types of solar cells. Also, their efficiency is around 15% - 18%.
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Fig.2.4: Mono-crystalline Solar Panels

e Polycrystalline Solar cells: This type of solar cell consists of multiple amounts of smaller

silicon crystals, see Fig.2.5.This type is instead of one large crystal have efficiency
approximately 15%.

Fig.2.5: Polycrystalline Solar Panels.

They are the most common type of solar panels on the market today. They look a lot like
shattered glass. They are slightly less efficient than the mono-crystalline solar cells and less

expensive to produce.

o Amorphous Solar cells: This type is consisting of a thin-like film made from molten silicon

that is spread directly across large plates of stainless steel or similar material, see Fig.2.6. One

advantage of amorphous solar cells over the other two is that they are shadow protected.
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That means when a part of the solar panel cells are in a shadow the solar panel continues to
charge. These types of solar panels have lower efficiency than the other two types of solar panels,
and the cheapest to produce. These work great on boats and other types of transportation [10]. The

efficiency of this type is around 8-10 %.

Fig.2.6: Amorphous Solar Panels.
2.5 EQUIVALENT CIRCUIT AND MATHEMATICAL MODEL

There are different mathematical models that can be used to model a PV array. From the solid-
state physics point of view, the cell is basically a large area p-n diode with the junction positioned
close to the top surface [13], [14]. So a practical solar cell may be modeled by a current source in
parallel with a diode that mathematically describes the I-V characteristic.

N

R, 1"'_. 7

' <+'> R P :::< V

Fig. 2.7: Equivalent Circuit of PV module.

Where Rs is the array series resistance, Ry is the array parallel resistance [14], [15]. N and Np
are the number of series and parallel modules respectively, | and V are the output current and

voltage of the array and I, is the module current and can be obtained from the following equation:
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V+RS<%)I
P

Im = Ivap - IoNp exp -1 (2.1)

Where a is the diode ideality constant, Vi is the thermal voltage of the array and can be

obtained from the equation [15]:

Ve = (2.2)

N¢s IS the number of cells connected in series, q is the electron charge, k is Boltzmann constant

and T is the temperature of the P-N junction in Kelvin’s. Iy is the photovoltaic current and can be

expressed by:
G
Ipv = (Ipvn + KLAT) G_n (2.3)

and, lo is the reverse leakage current of the diode and can be calculated from [15]:

Igen+KiAT

%4 +KpAT
N

Where: Ipyn is the generated current at 25°C and 1000 W/m? (nominal conditions).

Iy = (2.4)

Kj, Ky the current and voltage temperature coefficients respectively, G is the irradiance and G, is

the irradiance at nominal conditions, lscn ,Voen are the short circuit current and open circuit voltage
respectively at nominal conditions and A T is the difference between the actual and the nominal

temperatures in Kelvin’s [15].
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2.6 NON LINEAR CHARACTERISTICS VERIFICATION

The parameters of the PV model used in this thesis are adjusted according to a real PV module
(Kyocera KC 200 GT) manufactured by Kyocera [16]. Fig.2.8 shows the I-V and P-V
characteristics of the PV module at different irradiances and constant temperature (25°C) and

Fig.2.9 shows the I-V and P-V characteristics of the PV module under constant irradiance and
different temperature.

PV module : Kyocera KC200GT at constant temperature (25°C)
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Fig.2.8: I-V and P-V characteristics of the PV module at constant temperature 25°C and
various irradiances.
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PV module : Kyocera KC200GT at 1 kW/m2
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Fig.2.9: 1-V and P-V characteristics of the PV module under constant irradiance and
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different temperature.

Fig. 2.8 and Fig. 2.9 are obtained by simulation and the results are similar to that shown in the

PV module datasheet [16]. (See appendix A for the parameter and I-V curves of the PV module
datasheet)

Fig.2.10 shows The I-V and P-V characteristics of the PV array (Kyocera KC200GT; 8 series

modules; 63 parallel strings) at different irradiance (200,400,600,800,1000W/m?) and constant
temperatures (25°C).



PV Array : Kyocera KC200GT, 8 series modules; 63 parallel strings
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Fig.2.10: 1-V and P-V characteristics at constant temperature 25°C and various

irradiances for the PV array. (Kyocera KC200GT; 8 series modules; 63 parallel strings)

details in chapter 3.
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irradiance the point at which maximum power point can be obtained also changes.

Photovoltaic's have nonlinear characteristics, where the performance and output power are
directly affected with the change of the operating conditions. It is clear from the previous figures
that the output power of PV's is directly proportional with the amount of solar irradiance falling on
it, and inversely proportional with its temperature. With the change of temperature and solar

This means that the array terminal voltage must be varied using DC-DC converters in order to

track the maximum power point. Maximum power point tracking algorithms will be discussed in



2.7 PV APPLICATIONS

A photovoltaic application varies from solar farms that can generate hundreds of megawatts [9]
to small residential rooftop systems that only generate a few kilowatts. The ability for PV systems
to vary greatly in magnitude is a demonstration of how scalable and modular solar systems are
looking at every type of solar application, at the highest level each one can be lumped into one of

the two main types of PV system categories, either grid tied or off grid.

Resldential Grid Connected PV System

il
Al

Solar
Panels

Appllances 03529701

Fig.2.11: Typical grid - connected PV systems.

Off grid systems supply a local load and when the panel’s generation exceeds the load the
excess energy is usually stored in a battery system for later use. Grid tied systems are connected to
the local utility network and can supply power back to the power grid when the panels generation
exceeds the local loads demand. Some grid connected systems still have battery storage capability.
For a residential system the local load is a home and everything inside consuming power. Both off
grid and grid tied systems can help offset a customer's net energy consumption, but grid tied
systems have the potential for the customer to sell back generated power at cost to the utility. Grid
connected PV systems represent around 90 % of the total PV installed power. Grid connected
distributed systems gained popularity in the last years, as they can be used as power generators for
grid connected customers or directly for the grid. Different sizes are possible since they can be
mounted on public or commercial buildings [17]. Grid connected systems produce and transform
the power directly to the utility grid. The configuration is usually ground mounted and the power
rating is above kW order [18].
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The typical configuration of a PV system can be observed in Fig.2.11. Depending on the
number of the modules, the PV array converts the solar irradiation into specific DC current and
voltage. A DC/DC boost converter is used when the voltage required by the inverter is too low and
to achieve the MPP. Energy storage devices can be included in order to store the energy produced
in case of grid support connection. The power conversion is realized by a three-phase inverter

which delivers the energy to the grid [19].

2.8 ADVANTAGES OF PV SYSTEMS

The advantages of photovoltaic [4] systems are:

= PV systems are considered static electricity generators as they create electricity directly
from sunlight. They come prepackaged, ready to be mounted and wired. Modules contain

no moving parts, eliminating service and maintenance needs.

= PV systems come in a range of sizes and output suitable for different applications. They

are lightweight, allowing for easy and safe transportation.

= PV system can be easily expanded by adding more modules either in series to expand the

system's voltage or in parallel to enlarge the current.

= PV systems are manufactured to withstand the most rugged conditions. Modules are
designed to endure extreme temperatures, at any elevation, in high winds, and with any
degree of moisture or salt in the atmosphere. Systems can be designed with storage

capabilities to provide consistent, high-quality power even when the sun isn't shining.

= PV systems cause no noise or carbon emissions i.e. no pollution.
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The drawbacks of photovoltaic [4] systems are:

Very high manufacturing cost compared to other renewable resources.

Maximum power point problems.

Requires regular cleaning of its outer surfaces from dust.

= Significantly low in efficiency.

2.9 SUMMARY

In this chapter, an overview of the importance of renewable energy, and photovoltaic
background and principle of photovoltaic systems are presented. The photovoltaic energy in
particular is reviewed with cell type, equivalent circuit, mathematical model and model
verification. The main PV system of a grid connected is also discussed and their advantages and

disadvantages are mentioned.
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CHAPTER 3
MPPT ALGORITHMS



3.1 REVIEW OF MAXIMUM POWER POINT TRACKING

A set of photovoltaic cells called the solar panel. Photovoltaic cells are devices which detect
electromagnetic radiation and generate a current or voltage, or both, upon absorption of radiant
energy. The output power of PV arrays is mainly influenced by the irradiance (amount of solar
radiation) and temperature. Moreover for a certain irradiance and temperature, the output power
of the PV array is function of its terminal voltage and there is only one value for the PV's terminal
voltage at which the PV panel is utilized efficiently. The procedure of searching for this voltage is

called maximum power point tracking MPPT. Recently, several algorithms have been developed

to achieve MPPT technique such as; Perturb and Observe (P&O), incremental conductance, open
circuit voltage, short circuit current, fuzzy or neural based etc [20], [21],. However, the insulation
levels and the cell temperature determine only the limits of the best obtainable matching. The
array voltage determines the real matching. This mismatch can be improved by the use of a
MPPT controller to locate the local maximum power point in the p-Vv response range of the solar

panel [22], Fig.3.1 shows the P-V characteristics of a practical PV array showing MPP.
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Fig.3.1: P-V characteristics of a practical PV array showing MPP.
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From the simulation results, the PV array under constant temperature 25°C and
irradiances 1000 W/m? for PV array. The maximum readings appear to be 210.4V, 479A and 100.8
KW. The absolute maximum current (short circuit current) is 517A and the absolute maximum

voltage (open circuit voltage) is 263V.

3.2 MAXIMUM POWER POINT TRACKING

A PV panel has a nonlinear characteristics and its output power depends mainly on the
irradiance (amount of solar radiation) and the temperature. Moreover for the same temperature and
irradiance the output power of a PV panel is function of its terminal voltage. There is only one
value for the terminal voltage that corresponding to maximum output power for each particular
case. The procedure of searching for this voltage is called maximum power point tracking.
Maximum power point tracking of a PV panel can be obtained either in a single stage or in a double
stage. In the case of single stage, a DC/AC converter is utilized. On the other hand in case of
double stage a DC/DC and DC/AC converters are utilized. The characteristics of PV shown in
Fig.3.1 shows that the maximum power point for this particular panel lays at the values between
approximately 75-80% of array's open circuit voltage. Consequently, in this thesis the maximum
power point tracking algorithm scans the P-V curve at predefined voltage of 75% from the array’s
open circuit voltage. The MPPT techniques are accomplished through the DC/DC converter which
interfacing the PV array to the inverter [23]. This can be achieved by controlling the input voltage
of the DC/DC converter. Fig.3.2 shows the Maximum power point tracker (MPPT) system as a

block diagram.
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Fig.3.2: Maximum Power Point Tracker (MPPT) system as a block diagram.
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Maximum power point tracker (MPPT) tracks the new modified maximum power point in its
corresponding curve whenever temperature and/or insolation variation occurs. MPPT is used for
extracting the maximum power from the solar PV array and transferring that power to the grid. A
DC/DC (step up/step down) converter acts as an interface between the inverter and the array. The
MPPT changing the duty cycle to keep the transfer power from the solar PV array to the grid at
maximum point [22], [23].

The function of the inverter is to convert the output DC voltage of the PV into AC and to keep
the output voltage of the DC/DC converter constant. In order to accomplish that, two controllers are

required; one for the DC/DC converter, and the other for the inverter.

3.3 CONTROL ALGORITHMS

There are two algorithms which are used in this thesis for MPPT [24], [25]:

= Hill Climbing methods
= Fuzzy Based Algorithm

3.3.1 Hill Climbing Method

The hill climbing based techniques are so named because of the shape of the power-voltage
(P-V) curve. This technique is sub-categorized in two types:
= Perturb & Observe Algorithm (P&O)

= Incremental Conductance Algorithm (ICT)
3.3.1.1 Perturb and Observe method (P&O)

Perturb and Observe is a widely used method. It is common because of the simple feedback
structure and the fewer control perimeters. The basic idea is to give a trial increment or decrement
in the voltage, and if this result in an increase in the power, the subsequent perturbation is made in
the same direction or vice versa. This method is easy enough to handle and manipulate. However,
this method of monitoring the perimeter causes a delay and therefore tracking a real time maximum

power point is difficult [26-28].
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Usually voltage or duty ratio will be the parameter used to perturb the system. This algorithm is
not suitable when the variation in the solar irradiation is high. The voltage never actually reaches an
exact value but perturbs around the maximum power point (MPP) as in this method, after obtaining
the approximate maximum power point by scanning the entire P-V curve, the slope of the P-V
curve dP/dV is determined by giving the step change in duty ratio of boost converter. If due to
increase in duty cycle, the dP/dV decreases then next perturbation in duty cycle is kept unchanged
otherwise the sign of the perturbation step is changed [26]. Fig.3.3 shows the flow chart for
maximum power point tracking based Perturb and Observe algorithm.
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Calculated Power
P(K)=V (k)*I(k)

AVref(k) =Vref(k) - Vref(k-1)
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P(k) = P(k-1)
No
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AP(k) <0
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l
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Fig.3.3: Flowchart for maximum power point tracking for (P&O) Algorithm.
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3.3.1.2 Incremental Conductance method (ICT)

The incremental conductance method [27-29] is based on the fact that the slope of the PV array
power curve is zero at the MPP, positive on the left of the MPP, and negative on the right, as given

by eq.(3.1).

dp

— =0 ,atmPP (3.1)

av

dP

v > (0 |, leftof MPP (3.2)

dpP _

v < 0 ,rightof MPP (3.3)

Since,
ap _ adv) _ ar AL

—I+VdV~I+VAV (3.4)

av. dv
Using (3.4), the location of tracking point represented by equations (3.1, 3.2 & 3.3) is given by

eg. (3.5, 3.6, 3.7).

Al I

— = —— ,atMPP (3.5)
AV

Al I

— > ——  leftof MPP (3.6)
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— — , M 0 .
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The flow chart for maximum power point tracking for Incremental Conductance Algorithm is

shown in Fig.3.4.
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Fig.3.4: Flow Chart for maximum power point tracking for ICT Algorithm.

From eq. (3.8), the MPP can thus be tracked by comparing instantaneous conductance 1/V to the
incremental conductance AI/AV as shown in the flow chart in Figure 3.4. The Incremental
Conductance Algorithm based tracking adjusts the duty cycle D of boost converter which adjusts
the operating voltage of PV array to operate at MPP. It is very unlikely for the ICT algorithm to
stop exactly on the MPP. Hence, practical ICT algorithm considers the MPP reached when the

operating point is within a certain error margin which is given by eq. (3.8):

This method gives a very good and accurate performance under rapidly varying conditions.

However, the drawback is that the actual algorithm is very complicated to handle. It requires

V(k-1)=V(K)
1(k-1)=I(K)

RETURN

I+V£<e
AV

sensors to carry out the computations and high power loss through the sensors.

27




3.3.2 Proposed Fuzzy Logic Controller Based Algorithm (FLC)

The maximum power point tracking speed is greatly reduced by performing the scanning in
larger steps and using the proposed fuzzy controller that gives faster convergence around the final
operating point [30], [31]. MPP fuzzy logic controller measures the values of the voltage and
current at the output of the solar cell, then calculates the power from the relation ( P=V*1 ) to
extract the inputs of the controller. The crisp output of the controller represents the duty cycle of
the pulse width modulation to switch the DC/DC converter. The block diagram of the proposed

fuzzy logic controller (FLC) is shown in Fig.3.5.
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Fig.3.5. Block diagram of Proposed Fuzzy (FLC) Based Tracking.

3.3.2.1 MPPT Fuzzy Logic Controller

The FLC examines the output PV power at each sample (time-k), and determines the change in
power relative to voltage (dp/dv). If this value is greater than zero the controller changes the duty
cycle for switching the boost converter to increase the voltage until the power is maximum or the
value (dp/dv) =0, if this value is less than zero the controller changes the duty cycle for switching

the boost converter to decrease the voltage until the power is maximum [32] as shown in Fig.3.6.
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Fig.3.6: Power-voltage characteristic of a PV module.

FLC has two inputs which are: the error and the change in error, and one output feeding the
switching of the boost converter. The two FLC input variables are error (E) and change of error

(CH-E) at sampled times (k). FLC consists of three functional blocks described as follows:

=  Fuzzification

The fuzzification process divides the input and output into some linguistic fuzzy sets from the
previous knowledge of inputs and outputs range. The proposed FLC takes only one input that is the
slope of the P-V curve and gives the duty cycle for switching the boost converter as an output.
After taking voltage and current samples of the PV array, AP (k) and AV (k) are determined as

follows:

AP(k) = P(K) — P(k—1) (3.9)

AV(K) =V(k) —V(k—1) (3.10)

Where, P (k) and V (k) are the power and voltage of PV array, respectively. Hence, the slope of the
PV array power curve is zero at MPP. The AP (k)/AV (k) is given as an input to the FLC that
generates the duty cycle D as an output for providing the switching pulses to the boost converter in

order to operate the PV array at maximum power point (MPP).
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The proposed FLC divides the input and output into seven linguistic fuzzy sets, Negative Big
(NB), Negative Medium (NM), Negative Small (NS), Zero (ZO), Positive Big (PB), Positive
Medium (PM) and Positive Small (PS). FLC has two inputs which are: error (E) and the change in
error (CH-E), and one output feeding to the DC-to-DC converter. The membership functions of the

input and output variables are shown in Fig. 3.7, Fig.3.8 and Fig.3.9 respectively.

NEB NI NS ZE PS PM PB

input variable "Error(k)”

Fig.3.7: Membership functions for input variable (E).

T T T T T T
HB NM NS ZE PS PM PB

T [

input variable 'CHErrnr(k}'

Fig.3.8: Membership functions for input variable (CH-E).

HB N NS ZE PS M PB

= 1

output variable "Duty (k)"

Fig.3.9: Membership functions for output variable (D).
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» Fuzzy rule base

Based on the previous knowledge, the fuzzy rules should be precisely defined in order to
generate an output duty cycle as per the magnitude the slope of P-V curve to operate the PV array
at maximum power point. When the slope of P-V curve is positive then to reach towards MPP, the

duty ratio of boost converter is decreased in order to increase the PV operating voltage.

Similarly, if the slope of P-V curve is negative then to move the operating point at MPP, the
duty cycle is increased. The seven rules used for tracking the MPP in the proposed technique are
listed in Table 3.1.

E| /

CE—> NB NM | NS ZE PS PM PB

NB ZE ZE ZE NB NB NB NB

NM ZE ZE ZE | NM | NM | NM | NM

NS NS ZE ZE NS NS NS NS

ZE NM NS ZE ZE ZE PS PM

PS PM PS PS PS ZE ZE PS

PM PM PM PM PM ZE ZE ZE

PB PB PB PB PB ZE ZE ZE

Table3.1. Fuzzy Rules.
« Defuzzification

The deffuzification process generates the single crisp value of output duty cycle D from the
aggregated fuzzy set that includes a range of output values. The widely used centroid method [33],
[34] is used to convert the fuzzy subset of duty cycle D to real number. It computes the center of

gravity from the final output fuzzy set which is mathematically represented by,

7% — Ju(z).zdz

= imaz (3.11)
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Where, Z = D which is the output of fuzzy logic controller, | denotes an algebraic integration

and Z is the aggregated fuzzy Set of output. Thus, the proposed fuzzy logic controller inherently
applies variable steps in duty ratio for controlling the boost converter as per the current operating

point and hence, gives faster convergence to maximum point.
3.4 DC-DC CONVERTERS

DC-DC converters have wide applications in PV systems. Whether it is boost converter [35],
[36], buck-boost converters or buck converters [37].

DC-DC converters are considered the main element in the maximum power point tracking
process and without it the maximum power could not be achieved. In this thesis, the boost
converter is used to change the terminal voltage of the PV array and from which maximum power

point tracking can be obtained.
3.4.1 Boost Converters

The maximum power point tracking is essentially a load matching problem. A DC - DC
converter is required for changing the input resistance of the panel to match the load resistance by
varying the duty cycle. (See appendix B for details on boost converter's theory of operation). Since
this thesis work deals with the boost converter, further discussions will be focused on this one [35],

[36].The Boost converter circuit diagram is shown in Fig.3.10.
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Fig.3.10: Boost Converter Circuit Diagram.

The relation between the output voltages over the input voltage is:
Vo 1

= — 3.12
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Where, Vg is the input voltage to the boost converter Vo is the output voltage, and D is the duty

cycle. In this thesis, Vo is fixed using the voltage -sourced converter (VSC), and Vg is at the same

time the array terminal voltage which is controlled by varying the duty cycle D.
3.5 VOLTAGE SOURCE CONVERTER (VSC)

As previously mentioned in this chapter, the main function of the inverter is to interface the PV
array with the grid. In the same time the inverter is used to maintain the voltage at the output side
of the boost converter (the inverter's DC link). In order to obtain this voltage source converter
(VSC) is used [38], [39].The VSC is controlled in the rotating d-q frame to inject a controllable
three phase AC current into the grid. To achieve unity power factor operation, current is injected in
phase with the grid voltage. A phase locked loop (PLL) is used to lock on the grid frequency and
provide a stable reference synchronization signal for the inverter control system, which works to
minimize the error between the actual injected current and the reference current obtained from the

DC link controller [40], [41]. The overall scheme of vector based control is as shown Fig.3.11.

ref
Vic
|—> DC Voltage Idref
DC Voltage | Controller |
Measurement V d (Outer Control Current

Loop)

Controller

Vi-cony| V™
. PWM
ldg [ (nner I GMear:(e(ﬁt)lgg P Generator

AC Current | he to d-
urren abctod-q

Vi-conv
Measurement | | transformation || Control
abc Loop)
sin(6), cos (6) T I—»
PLL ref
Measurement wt lg

Fig.3.11: Functional control diagram of VSC using vector control.

The brief description of the controller components of the vector control system is

discussed below.
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3.5.1 DQ Transformation

DQ transformation is the transformation of coordinates from the three-phase stationary

coordinate system to the d-qg rotating coordinate system. This transformation is made in two Steps:

= A transformation from the three-phase stationary coordinate system to the two-phase, a-f
stationary coordinate system and

= A transformation from the a-f stationary coordinate system to the d-q rotating coordinate

system.

Clark and Inverse-Clark transformations are used to convert the variables (e.g. phase values of
voltages and currents) into stationary a-p reference frame and vice-versa. Similarly, Park and
Inverse-Park transformations convert the values from stationary o-f reference frame to
synchronously rotating d-q reference frame, and vice versa. The reference frames and

transformations are shown in Fig.3.12.

Fixed [-axis
o
w.e_ﬁ“
q.,@
1 dg-axis rotation
=
ﬁu',\"i\“ﬂ
> Fixed ae=axis

Iy Vu
Fig.3.12: Transformation of axes for vector control.

The stationary a-axis is chosen to be aligned with stationary three phase a-axis for simplified
analysis. The d-q reference frame is rotating at synchronous speed ® with respect to the stationary
frame a-f, and at any instant, the position of d-axis with respect to a-axis is given by 6=wmt. The

summary of the transformation is presented in tabular form in Appendix-C.
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3.5.2 Phase Locked Loop (PLL)

The phase-locked loop technique [42] has been used as a common way to synthesize the phase
and frequency information of the electrical system, especially when it’s interfaced with power
electronic devices. The Phase Locked Loop block [43] measures the system frequency and provides
the phase synchronous angle 6 (more precisely [sin (8), cos (0)]) for the d-qg Transformations block.

In steady state, sin (0) is in phase with the fundamental (positive sequence) of the oo component and
phase A of the PCC voltage Vapc. In the three-phase system, the d-q transform of the three-phase

variables has the same characteristics and the PLL system can be implemented using the d-q

transform. The block diagram of PLL system can be described in Fig.3.13.

Vg
*‘ V -
Vabc pee _’q K;=+£ @ J. —’9
dq = 3
Vo PI

Fig.3.13: Schematic diagram of the phase locked loop (PLL).

3.5.3 Vector Control

For analysis of the voltage source converter using vector control, three phase currents and
voltages are described as vectors in a complex reference frame, called a-f frame. A rotating
reference frame synchronized with the AC-grid is also introduced, as in Figure.3.12. As the d-g
frame, is synchronized to the grid, the voltages and currents occur as constant vectors in the d-g
reference frame in steady state. For the analysis of the system, basic equations describing the
system behavior are presented based on analysis done in [38], [39]. Considering the converter

system connected to grid, and defining grid voltages as Vap, currents e, and converter voltages
Vconv ,» @nd resistance (R) and inductance (L) between the converter and the grid. The voltage of the

converter can be expressed as:

. d .
Vabe = Vabc,conv + R.igpc + L it labc (3-13)
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Using the a-b-c to d-g transformations, the converter 3-phase currents and voltages are

expressed in 2-axis d-g reference frame, synchronously rotating at given AC frequency .

Va _ ig d id] 0 —o [id] [Vd,conv]
[Vq] —R[iq]+Ldt [iq +L[(D 0] ol (3.14)

The voltage equations in d-g synchronous reference frame are,

24 = —Rig + 0Lig — Vacony + Va (3.15)
di . .
d—: = —Riy — oLizg — Vgconv + Vq (3.16)

The system equations of Eqn. (3.15, 3.16) are rewritten as follows,

Va = Vaconv = LE2+ Rig — oL, (3.17)

Vo = Vgcony = L2 + Rig — olig (3.18)

3.5.3.1 DC-Voltage Controller

The dc voltage controller is discussed as the outer controller. Dimensioning of the dc link
voltage controller is determined by the function between the current reference value to be given and
the dc link voltage. The general Simulink model of the external controller can thus be given as in
Fig.3.14. For the PI controller block of the function of K(s) the outer voltage control can be
implemented based on Equation (3.19).

K

id,ref = (Vdc - Vdc,ref) * [KP + ?I] (3.19)
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Vde_ref

Vde_ref

WDC Regulator

Fig.3.14: Simulink Model of the DC-Voltage Controller.

3.5.3.2 Inner Current Controller

The inner current control loop can be implemented in the d-g-frame, based on the basic

relationship of the system model equations (3.17, 3.18). Inside the current controller as shown in

Fig.3.15, the PI regulator for d and g axis current control which transform the error between the

comparison of d and g components of current into voltage value.

DC_Voltage Regulator

Vdc_rel

Vd c_ref

Fig.3.15: Total converter control scheme.
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It’s shown in Fig.3.15 that the control signal V4’ is the output of the PI regulator K(s) that
processes the error signals lg.ref - 1g. Similarly, Vq’ is the output of the PI regulator K(s) that

processes the error signals Iq.ref - Iq. In order to generate the converter voltage signals V4V conv

the PWM modulation pulses are produced by transformation the converter signals to pulses. The

pulses for voltage source inverter are fired by using sine-triangular modulation.

3.6 SINUSOIDAL PULSE WIDTH MODULATION (SPWM)

The DC-AC inverters usually operate on Pulse Width Modulation (PWM) technique. The
PWM is a very useful technique in which width of the gate pulses are controlled by various
mechanisms. PWM inverter is used to keep the output voltage of the inverter at the rated
voltage irrespective of the output load. The pulse width modulation inverter has been the
main choice in power electronic for decades, because of its circuit simplicity and strong control
scheme [44]. Depending on the switching performance and good characteristic features, Sinusoidal
Pulse Width Modulation (SPWM) will be used and the modulating signal as illustrated in Fig.3.16.
As mentioned in [45], the advantages of using SPWM include low power consumption, high energy
efficient up to 90%, high power handling capability, no temperature variation-and aging-
caused drifting or degradation in linearity and SPWM is easy to implement and control.
SPWM techniques are characterized by constant amplitude pulses with different duty cycle
for each period [46] .(see Appendix D for details on Sinusoidal Pulse Width Modulation (SPWM)
theory of operation).
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Fig.3.16: Pulse width modulation waveforms.
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3.7 SUMMARY

In this chapter, the maximum power point tracking problem is discussed, and the boost type of
DC-DC converters, which is the main tool used for obtaining the maximum power point are
mentioned. The operation of the boost converter is also discussed. Further on, different famous
MPPT algorithms are mentioned and their advantages and disadvantages are also highlighted, and
then the three main algorithms used in this thesis (P&O, ICT and FLC) are discussed in more

details along with the control scheme of the DC-AC inverter.
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CHAPTER 4

POWER QUALITY TERMS
AND DEFINITIONS



4.1 INTRODUCTION

With the dramatic increases over the last 20 years in energy conversion systems utilizing power
electronic devices, we have seen the emergence of "power quality” as a major field of power
engineering. Simply, power electronic technology has played a major role in creating “power
quality” and simple control algorithm modifications to this same technology can often play an

equally dominant role in enhancing overall quality of electrical energy available to end-users.

4.2 DEFINITION OF POWER QUALITY

"Power quality is a set of electrical boundaries that allows a piece of equipment to function in its
intended manner without significant loss of performance or life expectancy” This definition
embraces two things that we demand from an electrical device: performance and life expectancy.
Any power-related problem that compromises either attribute is a power quality concern. Many
sources in the literature have addressed the importance of power quality; however, there is no
single agree definition for the term “power quality”, and various sources have different and
sometimes inconsistent definitions for it. In addition, “power quality” is sometimes used loosely to
express different meanings: “supply reliability”, “service quality”, “voltage quality”, and “current
quality” [47]. The multiple meanings of power quality are the result of defining power quality from
different perspectives. Power quality, in generation, relates to the ability to generate electric power
at a specific frequency, 50 or 60 Hz, with very little variation; while power quality in transmission
can be referred to as the voltage quality. At the distribution level, power quality can be a
combination of voltage quality and current quality. From the marketing point of view, electricity is
a product and the power quality is the index of the product quality [48].

Several engineering organizations and standard bearers in several parts of the world are
spending a large amount of resources to generate power quality standards. Following some of
power quality definition and related standards. The Institute of Electrical and Electronics Engineers
(IEEE) defines power quality in the IEEE standard 1159-1995 as: “power quality is the concept of
powering and grounding sensitive equipment in a matter that is suitable to the operation of that
equipment” [49]. This definition limits the term power quality to only sensitive equipment, and this
definition narrows down the impact of harmonic currents to consider it as affecting only that
equipment [49].
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It is hard to distinguish between voltage disturbances and current disturbances due to the close
relationship between the two, and there is no common reference point that the disturbance can be
seen from. For instance, starting a large induction motor leads to an over current; this is a current
disturbance from the network perspective. However, the neighboring loads can suffer from a
voltage dip, which is considered a voltage disturbance from another perspective. This action,
starting an induction motor, leads to a disturbance that can be looked at from different perspectives:
as a voltage disturbance from one point and a current disturbance from the other. The
distinguishing complexity makes using the term “power quality disturbance” more preferable in
general [50]. Much recent research has focused on classifying power quality disturbances according
to the underlying causes [51], but it is still a difficult classification. However, the typical power
quality disturbance classification is usually based on voltage magnitude and frequency variation for
different time durations.

4.3 POWER QUALITY DISTURBANCES CLASSIFICATION

The effects of power disturbances vary from one piece of equipment to another and with the age
of the equipment. Equipment that is old and has been subjected to harmful disturbances over a
prolonged period is more susceptible to failure than new equipment. With the purpose of classify
different types of power quality disturbances, the characteristics of each type must be known. In
general, power quality disturbances are classified into two types: steady state and non-steady state.
This classification is done in terms of the frequency components which appear in the voltage
signals during the disturbance, the duration of the disturbance, and the typical voltage magnitude.

These disturbances are mainly caused by [52]:

= External factors to the power system: for example, lightning strikes cause impulsive
transients of large magnitude.

= Switching actions in the system: a typical example is capacitor switching, which causes
oscillatory transients.

= Faults which can be caused, for example, by lightning (on overhead lines) or
insulation failure (in cables). Voltage dips and interruptions are disturbances related to
faults.

= Loads which use power electronics and introduce harmonics to the network.
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Different power quality disturbances will be discussed below:

4.3.1 Transients

Transients are sudden but significant deviations from normal voltage or current levels. On the
subject of describing a phenomenon or a quantity that varies between two consecutive steady states
during a time interval that is short compared to the time scale of interest.

A transient can be a unidirectional impulse of either polarity or a damped oscillatory wave with
the first peak occurring in either polarity [49]. Transients refer to variations in the voltage
waveform, which results in over-voltage conditions for a fraction of a cycle of the fundamental

frequency. Transients are classified as impulsive or oscillatory.

4.3.2 Short-Duration Variations

These are variations of the RMS (root mean square) value of the voltage from nominal voltage
for a time greater than 0.5 cycles of the power frequency but less than or equal to 1 minute. Usually
further described using a modifier indicating the magnitude of a voltage variation (e.g., sag, swell,
or interruption), and possibly a modifier indicating the duration of the variation (e.g.,
instantaneous, momentary, or temporary) [49]. Table 4.1 shows the different characteristics of

short-duration voltage variations.

4.3.2.1 Voltage Sag (Dip)

One of the most common power frequency disturbances is voltage sag. By definition, voltage
sag is an event that can last from half of a cycle to several seconds. Common causes of voltage sags
are short circuits (faults) on the electric power system, motor starting, customer load additions, and
large load additions in the utility service area. VVoltage sags well-defined as decrease to between 0.1
and 0.9 pu in RMS voltage or current at the power frequency for durations of 0.5 cycles to 1

minute.
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4.3.2.2 Voltage Swell

A voltage swell is a short duration increase in voltage values. VVoltage swells lasting longer than
two minutes are classified as over voltages. Voltage swells are commonly caused by large load
changes and power line switching. If swells reach too high a peak, they can damage electrical
equipment. The utility's voltage regulating equipment may not react quickly enough to prevent all
swells or sags. Voltage swells well-defined as increase in RMS voltage or current at the power

frequency for durations from 0.5 cycles to 1 minute. Typical values are 1.1 — 1.8 pu.

4.3.2.3 Voltage Interruption

This is complete loss of voltage (< 0.1 pu) on one or more phase conductors for a time period
between 0.5 cycles and 3 seconds (momentary), and between 3 seconds and 1 minute

(temporary).
4.3.3 Long-Duration Variations

This is a variation of the RMS value of the voltage from nominal voltage for a time greater
than 1 minute, usually further described using a modifier indicating the magnitude of a voltage
variation (e.g., under-voltage, over-voltage, or voltage interruption). It is caused by load

variations on the system or system switching operations.
4.3.3.1 Over-voltage

This is a measured voltage having a value greater than the nominal voltage for a period of time

greater than 1 minute. Typical values are 1.1 — 1.2 pu.

4.3.3.2 Under-voltage

This is a measured voltage having a value less than the nominal voltage for a period of time
greater than 1 minute. Typical values are 0.8 — 0.9 pu.
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The general characteristics of over-voltage, under-voltage, and sustained interruptions
summarized in Table 4.1 as indicated in [49].

Table 4.1: Characteristics of Short-Duration Variations and typical causes.

are

Short-Duration Variations

Typical Spectral

Typical Duration

Typical Voltage

Content Magnitude
A. Instantaneous
Seg | @ - 0.5—30 cycles 0.1-0.9pu
Swell | - 0.5—30 cycles 1.1-18pu
B. Momentary
Interruption | ----- 0.5 -3 sec. <0.1lpu
Sag | - 30 cycles — 3 sec. 0.1-0.9pu
Swell | - 30 cycles — 3 sec. 1.1-14pu
C. Temporary
Interruption | - 3 sec. — 1 min. <0.1pu
Seg | @ - 3sec. — 1 min. 0.1-0.9pu
Swell | 3 sec. — 1 min. 1.1-12pu

Typical Sag causes

Remote system faults, large loads, and non-linear loads

Typical Swell causes

Remote system faults, large loads, and non-linear loads

Typical Interruption causes

System protection and maintenance

4.3.4 Harmonics

Harmonics are sinusoidal voltages or currents having frequencies that are integer multiples of

the frequency at which the supply system is designed to operate. Harmonics in conjunction with

the fundamental voltage or current can produce waveform distortion. Harmonic distortion exists

due to nonlinear characteristics of devices and loads on the power system. Voltage distortion

results as these currents cause nonlinear voltage drops across the system impedance.

Harmonic distortion is a growing concern for many customers and for the overall power system

due to increasing application of power electronics equipment.
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Harmonic distortion levels can be found throughout the complete harmonic spectrum.
Furthermore, the phase angle of each component is unique. It is also common to use a single
quantity, the total harmonic distortion (THD), as a measure of the magnitude of harmonic

distortion.

Each classification category has its own technical features, which can be considered the key to
detecting and identifying the different types of disturbances in electrical systems. For instance,
voltage sags or voltage swells can be detected by noticing the variation in the voltage magnitude for

a specific duration.

4.4 SIGNAL ANALYSIS

This is the step for monitoring power quality disturbances. It involves signal processing
techniques in order to analyze the detected disturbance signals. The main objective of the
analysis procedure is to justify the disturbance signal’s features. These features can lead to the
identification of the type of disturbance that occurred, and the more features justified from the
signal analysis the more accurate disturbance identification. There are many signal processing
techniques that have been used to analyze the disturbance signals; a quick review of some

techniques is presented below.

» Fast Fourier Transform (FFT)

FFT is a basic method used widely in signal processing. FFT is applied to extensive data that
has been selected based on various measurements. The FFT spectrum is normally used for

detecting dominant harmonics, inter-harmonics and their related magnitudes.

= Short-Time Fourier Transform (STFT)

STFT provides time-frequency signal decomposition, which is equivalent to applying a set of
equal-bandwidth sub-band filters. STFT is a Fourier-related transform used to determine the

sinusoidal frequency and phase content of local sections of a signal as it changes over time.
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Continuous STFT and discrete STFT are examples of short-Time Fourier Transform. There are
other kinds of transforms and filters that have been applied to power quality problems; however,
research on power quality problem analysis is still developing. After data have been analyzed, these
data are characterized into specific classes to extract information about the type of power quality

disturbance.

4.5 CONCLUSION

Utilities in deregulated systems can no longer deal with power quality problems as a single
entity. Thus, identifying who is responsible for any power quality problem will be a very
important task in mitigating that problem. Moreover, the increase in nonlinear loads, which are
sources of harmonic currents, makes the identification too complex. In light of this definition of
power quality, this chapter provides an introduction to the more common power quality terms.
Along with definitions of the terms, explanations are included where necessary. This chapter also

attempts to explain how power quality factors interact in an electrical system.
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CHAPTER 5
SIMULAION RESULTS



5.1 INTRODUCTION

This chapter shows all the simulation of the photovoltaic array, the boost converter, the proposed
fuzzy logical control (FLC), Perturb and Observe (P&O), and Incremental Conductance (ICT)
algorithms. Also, in this thesis the grid disturbances effects on a grid connected PV array were
studied while considering different maximum power point tracking algorithms. The grid disturbances
involved are the different types of faults, voltage sag, and voltage swell. A comparative study of the
grid disturbances effect on the three maximum power point tracking algorithms is discussed. All the
simulation results are done using MATLAB/SIMULINK software.

5.2 SYSTEM UNDER STUDY

The complete system is to be simulated using the MATLAB/SIMULINK (as shown in Fig.5.1),
and by varying the operating condition (solar irradiance and temperature), for the three different
control algorithms, P&O algorithm, ICT algorithm and FLC proposed algorithm. The PV array is

composed of (63 * 8) parallel and series modules respectively with a total output power of 100 kW.

. DC/DC DC/AC
N | BOOST 4 g Utility Grid
ay v Converter
Y VY
T A A
PV‘|’M SPWM
—
Controller
—>

Fig.5.1: Block diagram of the grid connected photovoltaic system.
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Table 5.1, shows the simulation parameters for the proposed system

Table 5.1: SIMULATION PRAMETERS

Quantity Value
Grid voltage 260V
Frequency 60 Hz
Switching frequency 5kHz
DC link capacitor C 100pF
DC link Voltage 500V
Converter inductance 5mH
Converter Capacitor 1.2mF
Sampling period 1us

5.3 PV MODELING FOR SIMULATION

The mathematical model used for this simulation is shown in equation (5.1)

Iscn+KlAT

%4 +KpyAT
exp(Locn et )

Iy = (5.1)

The various components used in developing the circuit design for a PV module are chosen from
the MATLAB/SIMULINK library. The voltage measurement block, current measurement block,
go to block, from block, and control current source block are used to model various outputs such as
Shockley diode current, the light generated photovoltaic current, cell temperature equation, and
power output.

Fig.5.2 shows the Simulink modeling for the reverse saturation current (I,) at the reference

temperature which is given by the equation (5.1).
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Calculstion of Iz zsingle module):
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Fig.5.3 shows the Simulink model for the light generated current of the photovoltaic cell which
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Fig.5.2: Simulink Model for Evaluating I,

is a linear function of temperature and solar radiation as shown in the equation (5.2) below:

p

Calculation of Ipv {single module):

+

Fig.5.4 shows the Simulink model to evaluate the model current I,,, referring to the appropriate

L

— .

[dT]

lpwn

G
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(5.2)
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e

model circuit for which is given by the equation (5.3).
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Calculation of Im = Ipw-1d {Nss x Mpp modules):
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Fig.5.4: Mathematical Model Implementation for Model Current I,
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The MATLAB/SIMULINK model of the simulated PV is shown in Fig.5.5

4 Rs*Mss/Npp
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- Rp*N=siMpp

Fig.5.5: Simulation of the Photovoltaic Module.

: @ 44\x\f\r=—~ah ,.
—Th)

Ipv

The current I, is passed through series and parallel resistors of the array as shown in Fig.5.5,
and then all these blocks are converted to one sub system block with two inputs (Temperature, and

Irradiation) as shown in Fig.5.6.
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Fig.5.6: PV model Subsystem.

The MATLAB/SIMULINK model is tested by inserting all the required data shown in Table 5.2

to simulate the KYOCERA KC200 GT module. The data sheet [16] of the simulated module is
shown in appendix A.

Table 5.2: KC200GT module parameters

Quantity Value
I max power 7.61A
V max power 26.3V
P max 200.143 W
I short circuit 821 A
V open circuit 329V
| leakage 9.825*10° A
| photovoltaic 8.211 A
Diode ideality constant (a) 1.3
Parallel resistance 415.406 Q
Series resistance 0.221 Q

5.4 BOOST CONVERTER MODEL

As the name implies, the boost or step-up converter has an output voltage that is always greater
than the input voltage. The boost converter also has the added advantage that the output can be

isolated from the input.
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The MATLAB/SIMULINK model of boost converter model is shown in Fig.5.7. The boost
converter plays a very important role as it varies the PV array terminal voltage with the change of
the duty cycle. The duty cycle will be determined depending on the signal of the maximum power
point tracker whether it is P&O, ICT or FLC as it discussed in the following sections.

5 kHz - 500V
Boost Converter
Cow = W
+Vin 9 O<+V:OUT>
PULSE> ...............
1 .
- IGBT
o T % cout —al. v Vdc
I 1]
-Vin Vout

Fig.5.7: Block Diagram of Boost Converter Model.

5.5 PERTURB AND OBSERVE CONTROLLER

The perturb and observe algorithm discussed in chapter 3 is constructed using MATLAB M-
FILE code within SIMULINK, the code is shown in appendix E and its output is connected to the
boost converter to achieve the maximum power point tracking. Fig.5.8 shows the SIMULINK
model of the MPPT using P&O method.

—d
- D 1 p(l Fubss 4}.

Pulse Generator

MPPT Cantral
P&0

Fig.5.8: Maximum Power Point Controller Using P&O.
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5.6 INCREMENTAL CONDUCTANCE CONTROLLER

The incremental conductance algorithm discussed in chapter 3 (section 3.4.1.2) is constructed
using MATLAB/ SIMULINK TOOLBOX, and its output is connected to the boost converter to
achieve the maximum power point tracking. Fig.5.9 shows the SIMULINK model of the MPPT
using ICT method.
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VRV Pulse Generator
H_\ b KTs | e
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|
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K Discrete-Time

BaN  |ngegrator E'_’ Fulses

1

Fig.5.9: Maximum Power Point Controller Using ICT.

5.7 PROPOSED FUZZY LOGIC CONTROLLER

The designed fuzzy logic controller is connected between PV module and DC-to-DC
converter module to track the MPP, as shown in Fig.5.10 which illustrates the sub-system using
MATLAB/ SIMULINK, and its output is connected to the boost converter to achieve the maximum

power point tracking.

Generating the Error and Change of error

Fig.5.10: Controlling the PV power using FLC.
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The purpose of learning mechanism is to learn the environmental parameters and to modify the
fuzzy logic controller accordingly so that the response of the overall system is close to optimum
operation point. The learning mechanism is composed of inverse fuzzy model and knowledge base

modifier:

= Inverse fuzzy model

In this part, we use error (E) and change of error (CH-E) of system and control the knowledge
base modifier to modify fuzzy parameter to optimize the operation of system. The fuzzy parameter

can be adapted by this condition If error < ¢ (limit value) then knowledge base modifier will be done.

= Knowledge base modifier

In this part fuzzy parameter will be modifier as follow:

a) Scaling factor

Quite simple schemes for altering the scaling factor to meet various performance criteria can be
devised. The range of the error, change of error and also output of fuzzy can be set like balance

between proportional and integral control.
b) Fuzzy set membership function

In this part, tuning peak values, such as error, can improve both responsiveness and stability.
The large error can improve responsiveness and small error can improve stability. The modification

is performed by shifting the membership functions of both input and output.

Also we can show the three directions of the two inputs and output membership function as
shown in Fig.5.11.
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Fig.5.11: Fuzzy logic membership functions after tuning in three directions.

¢) Tuning rule base

Modifying rule base can affect the control system such as overshoot, settling time, stability,
responsiveness. Rule base and fuzzy set membership function have relationship with each other

depending on the quantity of error and change of error like in Table 3.1.

5.8 INVERTER CONTROLLER

Voltage Source Converter Controller (VSC) is performed on the three phase inverter to keep
the DC- link voltage constant at any required value. The whole process discussed before in chapter
3 (sections 3.6) is simulated on SIMULINK, as shown in Fig.5.12

VSC Main Controller
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labe_prim . . . -
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"
PLL & Measurements Ialg_ref — PWN
Uabe_ref Generation Generator
lq_ref Current Regulator max (m) = 1
Vdg_mes
Vdc_mes
Id_ref
Vg ref
s |
VOC Regulator

Fig.5.12: Control of three phase inverter.
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The inverter succeeded to keep the DC link voltage at a constant value which makes the DC-DC
converter's task of MPPT mush easier. At the same time the inverter converts the DC power into

AC and that is its main task so that the PV system could be easily connected with the grid.

1000
. = Ref-DC Voltage
g = DC-Link Voltage
s 500
Q
a
0
0.05 0.1 0.15 0.2
Time(S)

Fig.5.13: DC-link voltage VS Reference voltage.
5.9 SIMULATION RESULTS

All the discussed features in this chapter are to be bound together to form a complete grid-
connected PV system as seen in Fig.5.14. The system shown in Fig.5.1 is modeled and simulated
utilizing the Sim Power System toolbox under the MATLAB/Simulink. The MATLAB model is
shown in Fig.5.14. This model is simulated under three conditions; First, by utilizing the Perturb &
Observe (P&O) technique, second, by utilizing the Incremental Conductance technique, and finally

by utilizing the Fuzzy logic based algorithm.

100-kW Grid-Connected PV Array
MPPT Controller using "Fuzzy Logic Control" technique

500V , 5 kHz
Boost Converter

_ —
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Fig.5.14: The MATLAB/ Simulink model of the system under investigation.
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5.9.1 STEADY STATE ANALYSIS

The investigated system consists of a 100 kW PV array which is connected to a boost converter,
and then the boost converter is connected to the grid via a three phase inverter. The PV panel
utilized in this thesis is KYOCERA KC200GT. The MATLAB model of the PV Panel was
described and verified in chapter 2 (section 2.5 and 2.6). In this study, the 100 kW array consists of

63 parallel string each comprise 8 series connected panel. The parameters of the investigated
system are given in Table 5.1.

First the simulation is obtained while applying the P&O algorithm and set the irradiances to

1000 W/m? and the temperature to 25°C. Fig.5.15 shows the output voltage, current, and power of

the PV array terminal.

PV Array : Kyocera KC200GT of 8 series modules; 63 parallel strings

S 400
Q
g
S
> 0 [ [ [ [
0 0.5 1 1.5 2
Time (S)
2 :
3 _ _ _ _
0 0.5 1 1.5 2
Time (S)
g 200 :
< 100
S
@]
a0 i i i i
0 0.5 1 1.5 2
Time (S)

Fig.5.15. Voltage, Current and Power Output of PV array with MPPT Based P&O.
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Then the simulation is achieved while applying the incremental conductance technique under the

same condition. Fig.5.16 shows the output voltage, current, and power of the PV array terminal.

PV Array : Kyocera KC200GT of 8 series modules; 63 parallel strings

400

200

Voltage (V)

o

0.5 1 15 2
Time (S)

o

1000

500

Current (A)

Time (S)
200

100

Power (kW)

0 0.5 1 1.5 2
Time (S)
Fig.5.16: Voltage, Current and Power Output of PV array with MPPT Based ICT.

Finally, the simulation is accomplished under the same condition while applying the fuzzy logic
based algorithm. Fig.5.17 shows the output voltage, current, and power of the PV array terminal.

It can be observed that PV array feeds 100 kW to the grid while utilizing the three algorithms
but the proposed FLC is accurate and give a high response when compared with the others as

shown in Fig.5.17 which illustrates the performance of the proposed FLC.
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PV Array : Kyocera KC200GT of 8 series modules; 63 parallel strings

400

200

Voltage (V)

1000

500

Current (A)

200

100

Power (kW)

0 05 1 1.5 2
Time (S)
Fig.5.17: Voltage, Current and Power Output of PV array with MPPT Based FLC.
The array output power for the three techniques under constant irradiance (1000 W/mz) 5

shown in Fig.5.18.

PV Array : Kyocera KC200GT of 8 series modules; 63 parallel strings

150 :
P&O
—CT
i 100 ——FLC |
5
S 50
0 _ _
0 05 1 15 2

Time (S)

Fig.5.18: The output power of the PV array using the three different algorithms
at constant irradiance.
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The performance of rise time, settling time, and peak time of three different algorithms are

summarized in Table 5.3, which show that the Fuzzy-controller is a best control system.

Table 5.3: The performance of three different algorithms

The response of three different algorithms
Type of Algorithm Rise Time Settling Time Peak Time
(sec) (sec) (sec)
With P&O controller 0.0510 0.0885 0.2360
With ICT controller 0.0377 0.0674 0.1834
With FLC controller 0.0032 0.0232 0.1525

The three techniques are compared by changing the irradiance from 1000 W/m? to 250W/m?
then to 1000W/m? then to 250W/m? and then finally to 1000 again as seen in Fig.5.19.

PV Array : Kyocera KC200GT of 8 series modules; 63 parallel strings

150;

_ P&O

Z 100 S —IcT

o \

5 500 f

o
0 | _ | |
0 0.5 1 1.5 2

Time (S)

Fig.5.19: The output power of the PV array using the three different algorithms
at variable irradiance.

It can be seen that the fuzzy based algorithm shows faster response in tracking the maximum
power point under variable and constant irradiance and gives minimum oscillations around the final
operating point compared to ICT and P&O based algorithm. It can be also seen from Fig.5.18, and
Figure 5.19, that the P&O algorithm gives slower response, whereas the ICT algorithm gives
relatively lower response as compared to the fuzzy based algorithm. Therefore the FLC gives
relatively less oscillation and the highest response as compared to the P&O and ICT.

62



5.9.2 TRANSIENT ANALYSIS

In order to be able to categorize different types of power quality disturbances, the characteristics
of each type must be known. In general, power quality disturbances are classified in terms of the
frequency components which appear in the voltage signals during the disturbance, the
duration of the disturbance, and the typical voltage magnitude. The power quality disturbances are

classified in chapter 4.

5.9.2.1 FAULT ANALYSIS

In this section the MATLAB/SIMULINK model shown in Fig.5.20 is simulated under different

fault conditions [53]. The simulation is accomplished under nominal condition (G = 1000 W/m?

and T:25°C). As shown in Figure 5.20 the fault is applied on the grid side. The fault duration is
0.1 seconds from 0.2 to 0.3 seconds. All types of faults will be discussed under the same condition.
While applying three maximum power point tracking techniques. The simulation is run several
times in order to study the effect of different disturbances on the three MPPT algorithms mentioned

above.
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Perturb & Observe
’—=—|:»— o i
=
‘ | T
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FO_B1

Q (kVar)_PCC Q (kVar)_B_1

MPPT Controller using "Different" technique
1- P&0 2CT 3.FLC

Fig.5.20: The MATLAB/SIMULINK model of the Grid Connected PV system.
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= Line-to-ground Fault

The model shown in Fig.5.20 is simulated while applying single line to ground fault (1L-G) on

phase A. the fault location is illustrated and the fault duration is 100 msec. The output voltage and
current at the point of common coupling PCC is shown in Fig.5.21.

x 10 Grid Voltage at PCC With 1L-G
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Fig.5.21: Output Voltage and current at the PCC with 1L-G fault.

The simulation was run three times under condition of applying a single line to ground fault

while utilizing the three MPPT algorithms discussed in chapter 3. Fig.5.22 shows the output power
at the array terminal for the three cases.

Output Power of the PV array using the three different algorithms at 1L-G

1007 v — p&of
i —ICT
g 50 FLC |
@]
o
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Fig.5.22: Output Power of the PV Array using the three different algorithms with 1LG fault.
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= Line-to-line Fault

In this case, the model shown in Fig.5.20 is simulated with applying a line to line fault (L-L-F)
between phases A and B. The voltage and the current at the PCC are shown in Fig.5.23.
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Fig.5.23: Output Voltage and current at the PCC with L-L fault.

In order of compare the performance of the three MPPT algorithms mentioned above to this
type of fault, the model is run three times; each time one algorithm is implemented. The output
power of the PV array under the three cases is in Fig.5.24.

Output Power of the PV array using the three different algorithms at L-L
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Fig.5.24: Output Power of the PV array using the three different algorithms with L-L fault.
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= Line-to-line-to-ground fault

A line-to-line-to ground (L-L-G) fault is applied to the model shown in Fig.5.20. The voltage

and current waveforms for this case at the point of common coupling is shown in Fig.5.25.
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Fig.5.25: Output Voltage and current at the PCC with L-L-G fault.

The output power at the array terminal of the three different maximum power point tracking
algorithms while applying this type of fault is shown in Fig.5.26.

Output Power of the PV array using the three different algorithms at L-L-G
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Fig.5.26: Output Power of The PV Array using the three different algorithms
with L-L-G fault.
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= Three line to ground fault

A three line to ground (L-L-L-G) fault is applied to the model shown in Fig.5.20. Fig.5.27
shows the output voltage and current at the PCC. Figure 5.28 shows the output power of the PV
array while applying the three MPPT techniques for this type of fault.
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Fig.5.27: Output Voltage and current at Point of common coupling (PCC)
with L-L-L-G fault.
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Fig.5.28: Output power of The PV Array using the three different algorithms
with L-L-L-G fault.
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5.9.2.2 SAG ANALYSIS

The decrease in the RMS value of the voltage between 0.9 to 0.1 p.u. for duration of 0.5 cycles
to 1 minute is defined as voltage sag [54]. Voltage sags are generally caused by over loading or
grid faults. The MATLAB/SIMULINK model shown in Fig.5.29
analysis in this section. The model shown is simulated under condition of voltage sag at the point of

is utilized to conduct the

common coupling for duration of 0.1 sec.
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Fig.5.29: Grid Connected PV system under Sag Analysis.

In order to study the effect of voltage sag on the performance of the three MPPT algorithms
under study in this thesis, the voltage at the PCC is reduced form 20 kV to 10 kV [55]. The output
voltage and current at the PCC is shown in Fig.5.30.
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Fig.5.30: Output voltage and current at PCC in case of voltage decreased to 50%.

The simulation is run three times and each time one of the MPPT algorithms is employed while

operating the PV array at normal condition. Fig.5.31 shows the output power of the PV array in the
three cases.

It can be observed that FLC has a faster response and is not affected by the disturbances

occurred on the grid side. In the same time the FLC gives the MPP during the period of voltage dip.

Output Power of the PV array using the three different algorithms at Voltage Dips
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Fig.5.31: Output power of The PV Array using the three different algorithms
Under voltage sag.
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5.9.2.3 SWELL ANALYSIS

The increase in the RMS voltage between 1.1 to 1.8 p.u. for a duration of 0.5 cycle to 1 minute
is defined as voltage swell. VVoltage swells are normally initiated by the disconnection of a very
large load, the energization of a large capacitor bank and voltage swells are usually associated with
the system fault conditions. Fig.5.29 shows the grid connected PV array MATLAB/SIMULINK
model which is utilized in this section. The system is studied under voltage swells of 0.1 sec.
duration.

For the purpose of studying the effect of voltage swells, the voltage at the PCC is increased
from 20 kV to 26 kV as shown in Fig.5.32.
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Fig.5.32: Output voltage at the PCC in case of voltage increased to 30%.

The PV array output power of the three MPPT algorithms in case of voltage swell is shown in
Fig. 5.33. It can be observed that, the FLC has a good response and don't effect with the
disturbances occurred on the grid side. Also, the FLC gives the MPP during the period of voltage
swell.
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Output Power of the PV array using the three different algorithms at Voltage Swell
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Fig.5.33: Output power of the PV Array using the three different algorithms
Under voltage swell condition.

A 100 kW grid connected photovoltaic array is studied under steady state and transient
conditions while utilizing three different maximum power point tracking algorithms. The
simulation results under transient conditions show that, the output power injected to grid from PV
array is approximately constant while utilizing the proposed FLC and the PV system is still

connected to grid.

5.10 CONCLUSION

In this chapter, the simulation is made using MATLAB/SIMULINK software for a complete
grid-connected PV system. Each component is simulated and discussed in details. The PV model
was verified and it gives almost typical results like the ones supplied by the data sheet. The three
maximum power point tracking algorithms are developed and compared together. The fuzzy logic
control (FLC) algorithm shows faster response in tracking the maximum power point under
variable and constant irradiance and gives minimum oscillations around the final operating point
compared to ICT and P&O based algorithm. The simulation results under transient conditions show
that, the output power injected to grid from PV array is approximately constant while utilizing the
proposed FLC and the PV system is still connected to grid and deliver power to grid without any
damage to the inverter switches.
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CHAPTER 6
CONCLUSION AND SCOPE
FOR FUTURE WORK



6.1 CONCLUSION

The renewable energy sources such as solar energy play an important role in electric power
generation, it is clean and unlimited. A fuzzy logic controller (FLC) was designed to maximize the
energy received from solar cells by tracking the maximum power point with the help of DC-DC

converter, and then the system is connected to the grid with a DC-AC inverter.

The advantage of the fuzzy logic control is that it does not strictly need any mathematical model
of the plant. It is based on plant operator experience, and it is very easy to apply. Hence, many
complex systems can be controlled without knowing the exact mathematical model of the plant. In
addition, fuzzy logic simplifies dealing with nonlinearities in systems. Also, in fuzzy logic control

the linguistic system definition becomes the control algorithm.

The proposed algorithm is by implementing a maximum power point tracker controlled by
fuzzy logic controller and using Boost DC-to-DC converter to keep the PV output power at the
maximum point all the time. This controller was tested using Matlab/Simulink software, and the
results were compared with a perturbation and observation controller and incremental conductance
controller which were applied on the same system. The comparison shows that the fuzzy logic
controller was faster response in tracking the maximum power point under variable and constant
irradiance and gives minimum oscillations around the final operating point compared to the other

algorithms.

In this thesis, a 100 kW grid connected photovoltaic array is studied under steady state and
transient conditions while utilizing three different maximum power point tracking algorithms. The
three algorithms employed are; the Perturb and Observe (P&O) algorithm, the Incremental
Conductance (ICT) algorithm and the Fuzzy Logic Control (FLC) algorithm. The simulated results
under steady state condition show the effectiveness of the MPPT on increase the output power of
the PV array for the three techniques. However the FLC algorithm offers accurate and faster

response compared to the others.
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The simulation results under transient conditions show that, the output power injected to grid
from PV array is approximately constant while utilizing the proposed FLC and the PV system can

still connect to grid and deliver power to grid without any damage to the inverter switches.

The fuzzy logic control demonstrates good performance. Furthermore, fuzzy logic offers the
advantage of faster design, and simulation of human control strategies. Also, fuzzy control worked

well for nonlinear system and shown higher efficiency over the conventional controllers.

6.2 SCOPE FOR FUTURE WORK

¢ Implementation of a physical model for the fuzzy logic controller technique based MPP
using microcontrollers and testing it on a real PV panel. The most popular method of
implementing fuzzy controller is using a general-purpose microprocessor or

microcontroller.

Using optimization method to reduce the rules of the controller such as using
Genetic Algorithm with Fuzzy controllers. They can be used in the control algorithm to
tune the membership functions so that the inexact reasoning characteristics of the FLC

are sufficient to control a system that requires precise control actions.

e Comparing between different inverter control strategies and its effect on power quality

from the utility grid point of view.

e Studying the effect of power quality disturbances on the stability of maximum power

point tracking controllers.

e Grid Connected Photovoltaic Systems with Smart Grid.
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APPENDICES

1.1 Appendix A

Data Sheet OF KYOCERA (KC200GT) High Efficiency Photovoltaic Module:

THE NEW VALUE FRONTIER

YOCERA
KC200GT BK

HIGH EFFICIENCY MULTICRYSTAL
PHOTOVOLTAIC MODULE

)

LISTED

HIGHLIGHTS OF

KYOCERA PHOTOVOLTAIC MODULES
Kyocera's advanced cell processing technology

and automated production facilities produce a highly efficient
multicrystal photovoltaic module.

The conversion efficiency of the Kyocera solar cell is over 16%.
These cells are encapsulated between a tempered glass cover
and a pottant with back sheet to provide efficient protection from the severest environmental conditions.

The entire laminate is installed in an anodized aluminum frame to provide structural strength and ease of installation.
Equipped with plug-in connectors.

APPLICATIONS

KC200GT is ideal for grid tie sy pplications.

@ Residential roof top systems @ Water Pumping systems

@ Large commercial grid tie systems @ High Voltage stand alone systems
@® etc.

QUALIFICATIONS
©® MODULE : UL1703 certified ® FACTORY : ISO9001 and ISO 14001

KC200GT

QUALITY ASSURANCE
Kyocera multicrystal ph Itai dules have d the tests.

@ Thermal cycling test @ Thermal shock test @ Thermal / Freezing and high humidity cycling test @ Electrical isolation test
@ Hail impact test @ Mechanical, wind and twist loading test @ Salt mist test @ Light and water-exposure test @ Field exposure test

LIMITED WARRANTY

#:1 year limited warranty on material and workmanship
# 20 years limited warranty on power output: For detas. piease refer to “category V" in Warranty issusd by Kyoosra

(Long term output warranty shall warrant if PV Modusie(s) exhibits power Output of less than SO07% of the original minimum rated power specified at the ime of sale within
10 years and less than B0 within 20 years afier e date of sale 10 the Cusiomer. The power oulput values shall be those measured undar Kyooera's standard
me waranty in detall, please refer o Warranty ssued by Kyocera)

ELECTRICAL CHARACTERISTICS

Current-Voltage characteristics of Photovoltaic Current-Voltage characteristics of Photovoltaic
Module KC200GT at various cell temperatures Module KC200GT at various irradiance levels
eracisce 13w e v
N :
: A ;
(WA N
' T ' N
. e
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SPECIFICATIONS

KC200GT

B Physical Specifications Uit : mem (in.
990 (39.0in.) _,36(1.4in.) 946 (37.2in.)
22(0.9in.}) | 22(0.9in.}
-s
¥
=y ) .
P L=
—_ w £ =
: it s
S 5w =
8 - 4
u
g N
-
I i
36 (1.4in.)
B Specifications
W Elecirical Performance under Standard Test Conditions (*STC) W Cells
Maximum Power (Pmax) 200W [+ 105~ —5%) MNumber per Module 54
Maximum Power Violtage (Vmpp) 28.3V
Maximum Power Current (Impp) T.61A B Module Characteristics
Open Circuit Voltage (vocl 32.9V Length x Width > Depth 1A25rmmS6 33038 DY 1 4
Short Circuit Current {lsc) B21A Weight 18.5kg(40.7ibs )
Max System Voltage GO0V Cable [+ 720memi(28.5n] |-} 180 emmi70 Gin
Temperature Coefficient of Voo —1.23x10"' W'C
Temperature Coefficient of sc 31810 A/TT B Junction Box Char
T Vs VN R S e e e Length = Width = Depth 118 rmreld S e DL &
M Electrical Parformance at BOOW/m®, NOCT, AMA.5 IP Code IPGS

Maximum Power (Pmazx) 142W
Maximum Power Violtage (Vmpp) 23.2V
Maximum Power Current (Impp! 6.13A
Open Circuit Violtage (Voc! 29.9V
Short Circuit Current (lsch 6.62A

B Reduction of Efficiency under Low Ir
Reduciion 7.8%
Aeduction of eMciency from an Frandiance of 1000Wm” to 200Wim” (module lempemature 23C)

MOCT iomissl Opsratng Cafl Temparatush - 475

Please contact our office for further information

% KYOCERG
KYOCERA Corporation

m KYOCERA Corporation Headquarters
CORPORATE BOLAR ENERGY DIVISION

@ Takeda Tobadono-cho

Fushimi-ku, Hyobo

812-8501, Japan

TEL:{81)75-004-3470 FAX (81)73-004-3473

htpc i weawW Ry oo e ra o om

® KYOCERA Solar, Inc.

TB12Z2 East Acoma Drive

Sootisdale, AZ 83200, USA

TEL:(1}4B0-548-8003 or (B00)223-5380 FAX:(1)480-4B3-6431
ntq::;‘mww.k',ucarnsnlar.rnm

® KYOCERA Solar do Brasil Ltda.

Av. Guignard 861, Loja &

22790-200, Racreio dos Bandeirantes, Ak de Jansiro, Brazs
TEL:(33)21-2437-8325 FAX [33)21-2437-2338

hitp-iwww kyooerasolar.com.br

® KYOCERA Solar Pty Ltd.

Leval 3, 6-10 Talavera Road, North Ryde
M.S.W. 2113, Australla
TEL:(61)2-8E70-3548 FAX (61)2-3888-55388
hitpd kyooerasolar.com.au’

® KYOCERA Fineceramics GmbH

Fritz Muller sirasse 107, D-73730 Esslingen, Germany
TEL:(458)711-33934-917 FAX:(49)711-93934-8530
hitpoifwwew kyocerasolar.de’

®* KYOCERA Asia Pacific Pte. Lid.
288 Tong Bahru Road, #13-03/05

Ceniral Plaza, Bingapore 10E7!

TEL:(B3)E271-0300 FAX: (63627 1-0600

® KYOCERA Asia Pacific Ltd.

Aoosm 801-802, Tower 1 South Seas Centre, 75 Mody Road,
Tsimshatsw East, Kowloon, Hnng KDI'IQ
TEL:(BEZ)2-T23IT183 FAX (BX2)2-T244501

® KYOCERA Asia Pacific Ltd. Taipei Office

10 Fl., No.88, Nanking West Road, Taipel, Tahwan

TEL:(BBG)2-23533-3009 FAX:(B80)2-2359-4131

& KYOCERA(TIianjin) Sales & Trading Corporation
19F, Tower C HeQlac Bullding 8A GuangHua Rd.,

Chaao Yang Districk, Beljing 100028, China
TEL:(B6)10-6383-2270 FAX:(B6)10-6383-2250

Kyocers reserves the right fo modify these specifications without notice

LIEN0OMOTO3-SAGKM
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1.2 Appendix B

BOOST CONVERTERS

In our thesis, The main purpose of the DC/DC is to convert the DC input from the PV into a
higher DC output. The maximum power point tracker uses the DC/DC converter to adjust the PV
voltage at the maximum power point. The boost topology is used for stepping up the low voltage
input from the PV. A boost type converter steps up the PV voltage to high voltage necessary for the
inverter.

Figure C.1 shows the Boost converter. The DC input voltage is in series with an inductor L that
acts as a current source. A switch T is in parallel with the current source that turns on and off

periodically, providing energy from the inductor and the source to increase the average output

voltage.

I L D

—) 1
) Y
o VL l F
lc
+
Vin T1 Cdc [— R Vout

Fig.C.1: Topology of Boost converter.
The capacitor Cq. is large enough to keep a constant output voltage, and the inductor provides
energy when the switch is open, boosting the voltage across the load. The duty cycle from the
MPPT controller is to control the switch of the boost converter. It is a gate signal to turn on and off

the switches by pulse width modulation.

In Figure C.2, The switch T1 is on and D1 is off, the circuit is split into two different parts: the
source chargers the inductor on the left while the right has the capacitor, which is responsible for
sustaining outgoing voltage via energy, stored previously. The current of inductor L is increased

gradually.
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Vin Cc _— R Vo

Fig.C.2: Circuit Diagram when switch T1 is on and D1 is off

In Figure C.3, the switch T1 is off and D1 is on, the energy along with the DC source that is
stored within the inductor will help supplement power for the circuit that is on the right thereby
resulting in a boost for the output voltage. Then, the inductor current discharges and reduces
gradually. The output voltage could be sustained at a particular wanted level if the switching

sequence is controlled.

||_ L I:}1
— on
-~ VL ll llon
C
+
Vin T4 c L R] V,
C)_ off °

Fig.C.3: Circuit Diagram when switch T1 is off and D1 is on

Figure C.4 summarizes the currents and voltages for output in terms of the boost converter. The

control switch for the voltage of control is shown. The switch turns ON and OFF for a period ty,

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

off, the voltage is Vqyt. The voltage across the inductor L is equal to the photovoltaic voltage

during the on time of the transistor.
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Fig.C.4: Output waveform of DC/DC Boost converter.
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1.3 Appendix C

Park and Clark transformation system

The summary of the transformations are presented as follows.

Transformation

Transforms

Matrix for transformation

Clark transformation

from abc to af

-2 -2

0 32 ~3/2)

2 I.-'
3.

[nverse Clark

transformation

from wf to abe

(1 0 )

Park transformation

from ap to dg

112 32|
\ - I'Illrz _.JEI'IIIIE ..-'.
[ cosf sinfd)

| -sinf cosd

)

Inverse Park

transformation

from dq to af

[cosf@ —sind)

| sind cosd J
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1.4 Appendix D

SINUSOIDAL PULSE WIDTH MODULATIN ALGORITHM:

Three-phase VSCs cover the medium- to - high-power applications. The main purpose of these
topologies is to provide three-phase voltage source, where the amplitude, phase, and frequency of
the voltages should always be controllable. Although most of the applications require sinusoidal
voltage waveforms (e.g., ASDs, UPSs, FACTS, VAR compensators), arbitrary voltages are also
required in some emerging applications (e.g., active filters, voltage compensators). The standard

three-phase VSC topology is shown in Figure.D.1

mTﬂ 5, J‘}D., s,/ £bD, S J’}Dz

Fig.D.1: Three-phase VSC topology.

In this case and in order to produce 120° out-of-phase load voltages, three modulating signals

that are 120°out of phase are used. Figure D.2 shows the ideal waveforms of three-phase VSC-

SPWM. In order to use a single carrier signal and preserve the features of the PWM technique, the

normalized carrier frequency m should be an odd multiple of 3. Thus, all phase voltages are

identical but 120°out of phase. In this modulation technique there are multiple numbers of output

pulses per half cycle and pulses are of different width. The width of each pulse is varying in
proportion to the amplitude of a sine wave evaluated at the Centre of the same pulse. The gating
signals are generated by comparing a sinusoidal reference signal with a high frequency triangular

signal. The reference signal frequency determines the frequency of the inverter output voltage.
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Fig.D.2: The three - phase VSC for the SPWM.
a. Carrier and modulating signals
b. Switch S1 state
c. Switch S3 state

d. Ac output voltage
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1.5 Appendix E

MATLAB CODES:
El: CODE OF PERTURB AND OBSERVE ALGORITHM.

function D = PO(Param, Enabled, V, I)

% increasing D = decreasing Vref

Di = Param(l); %Initial value for D output
Dmax = Param(2); $Maximum value for D

Dmin = Param(3); FMinimum value for D

deltaD = Param(4);
$Increment value used to increase/decrease the duty cycle D
persistent Vo

Po

Do;

dataType = 'double';

if isempty (Vo)

Vo=0;
Po=0;
Do=D1i;
end
P= V*I;

deltavV= V - Vo;
deltaP= P - Po;

if deltaP ~= 0 & Enabled ~=0
if deltaP < 0
if deltaVv < 0
D = Do - deltaD;
else
D = Do + deltaD;
end
else
if deltav < O
D = Do + deltaD;
else
D = Do - deltabD;
end
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end
else D=Do;
end

if D >= Dmax | D<= Dmin

D=Do;
end

% MPPT controller based on the Perturb & Observe algorithm.

o°

D output = Duty cycle of the boost converter (value between
0 and 1)

o\°

o°

Enabled input = 1 to enable the MPPT controller

o°

V input = PV array terminal voltage (V)

o°

I input PV array current (A)
load p pv po

load v pv po

load 1 pv po

powerl';

currentl';

voltagel';

close all

Fl=figure('Name','V,I and P of PV array : Kyocera KC200GT of
8 series modules; 63 parallel strings');

figure (F1)
subplot(3,1,1)
a=voltagel';
plot(a(:,1),a(:,2)
ylabel ('"Voltage (V) ")
xlabel ('"Time (S) ')

title (sprintf ('PV Array : Kyocera KC200GT of 8 series modules;
63 parallel strings %s'))

subplot (3,1,2)

b=currentl';

)
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plot (b 1),b(:,

2))
Current (A) ")

(:
ylabel ('
xlabel ("Time (S) ")
stitle (sprintf ('PV Array : Kyocera KC200GT of 8 series

modules; 63 parallel strings %s'))

subplot (3,1, 3)
c=powerl';

plot(c(:,1),c(:,2))
ylabel ('Power (kW) ")
xlabel ('Time (S) ")

('
('
stitle(sprintf ('PV Array : Kyocera KC200GT of 8 series
modules; 63 parallel strings %s'))
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PUBLICATION OUT OF THIS THESIS

Y. Abdelaziz, Hadi M. El-Helw and Basem Abdelhamed, 'Comparative
Evaluation of Maximum Power Point Tracking Techniques for Grid Connected
PV System', Proceedings of 11th International Conference on Modeling and
Simulation of Electric Machines, Converters and Systems, ELECTRIMACS
2014, 19-22 May 2014, Valencia, Spain.

A. Y. Abdelaziz, Hadi M. El-Helw and Basem Abdelhamed, ‘Transient
Analysis of Grid-Connected Photovoltaic System Based on Comparative Study

of Maximum Power Point Tracking Techniques’, International Journal of
Advances in Power Systems (IJAPS), Vol. 1, No. 3, December 2013.
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