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ABSTRACT

Solar photovoltaic (PV) technology is becoming more popular because of number of
advantages. These advantages include zero green house emission, low maintenance
cost, least limitations with regard to site installation. However, the conversion
efficiency of PV technology is very low about 15-18%. Also, the power generated from
PV system is varying with meteorological parameters like solar irradiance, temperature

etc.

It is very important to analyse the performance of PV system under different
meteorological conditions and also track the maximum power point (MPP) using
MPPT technique. By keeping in the aforesaid a performance analysis of perturb and
observe (P & O), incremental conductance and constant voltage MPPT techniques have

been analysed and carried out in this research.

When light falls on solar panel it produces a DC voltage, this can be directly used for
DC applications or can be converted to AC by using an inverter that is then applied

directly to the commercial electrical grid or to a local, off-grid electrical network.

Second objective of this work is to design and develop a single phase grid connected
PV system with different control algorithms. A three phase grid connected system also
designed and developed with adaptive notch filter based grid synchronization technique
for providing active and reactive power to the load and utility grid. A lab scale
hardware setup is also developed with solar panel, boost converter and inverter for the
purpose of performance analysis of various MPPT techniques and developed control

schemes of single phase H bridge inverter.



CONTENTS
CIRTIFICATE ..o s [
ACKNOLEDGEMENT ..ot s i
ABSTRACT ..ttt ettt n e n e ii
CONTENTS .« et bbb s \Y%
LIST OF FIGURES ... s viii
LIST OF TABLES ... XV
CHAPTER 1. INTRODUCTION ..ottt 1
L1 GENERAL . ..o 1
1.2 MOTVATION ..o 1
1.3 SCOPE OF WORK ..ottt 3
1.4  ORGANIZATION OF THESIS........coiiiii i 4
CHAPTER 2. LITERATURE SURVEY .....ooiiiiiieiiieee e 5
2.1 INTRODUCTION ..ottt 5
2.2 SOLARPHOTOVOLTAIC TECHNOLOGY ....ccccoviiiiiiiiiiciine e 5
2.3 MODELING, DESIGN AND SIMULATION OF PV ARRAY ......cccceiiiiiiinns 5
24 POWERELECTRONIC INTERFACE ...t 7
2.5 MAXIMUM POWER POINT TRACKING ALGORITHM ... 9
2.6 INVERTER TOPOLOGIES FOR GRID CONNECTED PV INVERTERS......12
2.7 CONTROL STRATAGIES FOR GRID CONNECTED PV SYSTEMS............ 13
2.8 FILTERS FOR GRID CONNECTED PV SYSTEMS........ccccoiiiiiiiiiieee 16
2.9 POWERQUALITY ISSUES IN GRID CONNECTED PV SYSTEMS. ............ 16
2.10 CONCLUSION ..ottt 17
CHAPTER 3. SOLAR PV TECHNOLOGY ....ccciiiiiiiiiiiiicic e 18
3.1 INTRODUCTION ..ottt 18
3.2 SOLARPHOTOVOLTAIC TECHNOLOGY ....cccciiiiiieiiiieieee e 18
3.3  TYPESOF SPV SYSTEM DESIGN .....ccooiiiiiiiiiiiie e 20

3.4 CONCLUSION ..ottt 21



CHAPTER 4. SIMULATION AND RESULTS .....cci it 22
4.1  INTRODUCTION ..oiiiiiiciciie ettt sttt sne s 22
4.2 SYSTEMDESCRIPTION ....ooiiiiiii ittt 22
4.3 PV ARRAY MODELING.......ccooiii ittt 23
44  DC/DCBUCK CONVERTER .....cccciiiiiiisineise e 24
45 BATTERY STORAGE SYSTEM ...cociiiiiiiiieiie e 25
46 MAXIMUM POWER POINT TRACKING TECHNIQUES.............cceevie 25

4.6.1  Perturb and Observe MPPT TeChNiqUE ........ccooviiiiiiiieiee e 26
4.6.2  Incremental conductance Method...........ccooeiiriiniieniinie e 27
4.6.3  Constant voltage TEChNIQUE ........cccoveiiiieiece e 28
4.7 MATLAB/SIMULINK MODELING OF SYSTEM .....ccccoiviiiiieieie e 29
4.8 SIMULATION RESULTS ...ooici et 30

4.8.1  Performance analysis of system at constant irradiance and temperature 30
4.8.2  Performance analysis at varying irradiance and constant temperature.... 35
4.8.3  Performance analysis for constant irradiance and varying temperature.. 39
4.8.4  Performance analysis for varying irradiance and temperature ................ 43
4.8 CONCLUSION ..ot sae e srre e snae e e nnee e 47

CHAPTER 5.DESIGN, MODELING & SIMULATION OF SINGLE PHASE

GRID CONNECTED SOLAR PHOTOVOLTAIC SYSTEM............ 48

51  INTRODUCTION ....ooiiiieiie et e e e snae e nnae e nne e e e 48
52 SYSTEM DESCRIPTION......oiiiiieiie ettt 48
5.3 COMPONENT MODELING ......ccooiiiiiiiiceseeeseseese e 49
5.3.1  Modeling Of PV @rray ........ccccoeoiiiiiieie e 49
5.3.2  Modeling of dc/dc bOOSt CONVEITET .........ccvviviiiiiiiiiieieeee e 51
5.3.3  Modeling of H-bridge INVEItEr ........ccooiiiiiiiiieeeee e 53
534  MPPT CONIOIET ....ocveiiiiee e 55
54 SIMULATION RESULTS WITH DIFFERENT CONTROL SCHEMES.......... 57
5.4.1  Synchronous reference based current controller ..........ccccccvovevviieiinennns 58
54.2 DIGITAL PI BASED CURRENT CONTROLLER .........ccovveviieiies 63
5.5 CONCLUSION L.coootiitiicictisteeet ettt ere s 67

CHAPTER 6.DESIGN, MODELING & SIMULATION OF THREE PHASE
GRID CONNECTED SOLAR PHOTOVOLTAIC SYSTEM............ 68



Vi

6.1  INTRODUCTION ...ciiiiiiiiteieit ettt st nens 68
6.2 SYSTEMDESCRIPTION......cciiiiiiiiieice e 68
6.3 COMPONENT MODELING ..ottt 69
6.3.1  MOodeling Of PV aITaY ........cccoiiiiiiiieicce s 69

6.3.2  Dc/dc boost converter modeling.........cccoevveieiieiieie e 70

6.3.3  VOltage SOUICE CONVEIEN .......cveiveeiiieieeiesieeiesieste et te e 71

6.3.4  MPPT CONIOIEN ..o e 72

6.4  SIMULATION RESULTS ..ottt 73
6.4.1  Adaptive notch filter based grid synchronization technique ................... 74

6.4.2  Simulation results with nonlinear [0ad .............c.ccoovveinieneiie, 76

6.4.3  Simulation results with linear 10ad ...........c.ccoovvviriinininieiei e 82

6.5 CONCLUSION ....ooiiicicc ettt e s 86
CHAPTER 7. HARDWARE IMPLEMENTATION ... 87
7.1 INTRODUCTION ...ooiiiiiiieistesieiee sttt nnens 87
7.2 HARDWARE DESCRIPTION ...cooiiiiiici e 87
7.3 SOLARPV MODULE .........oii ettt 88
7.4 DC/DCBOOST CONVERTER ....ccoeiiieieece ettt 88
7.5 MEASUREMENT UNITS ..ottt 89
7.6 SNUBBER CIRCUIT FOR MOSFET PROTECTION......ccoveiiiiiieiiiieieieee, 90
7.7  SINGLE PHASE INVERTER ...t 90
7.8 ISOLATION AND GAIN CIRCUIT ..ottt 90
7.9 DSPACE ... oottt 92
7.10  HARDWARE RESULTS ....ciiiiiiicte e 93
T7.11 CONCLUSION ..ot srae e e nnae e e nne e e 95
CHAPTER 8. RESULT AND DISCUSSIONS........ccooii e 96
8.1  INTRODUCTION ....oiiiitiiteictt sttt st neens 96
8.2 MAINRESULT AND DISCUSSIONS........ccooiiiiiiieiceree e 96
8.3 CONCLUSIONS ...ttt et re e nne s 98
CHAPTER 9. CONCLUSION AND FUTURE SCOPE.......ccccccoiiiiieeiee e 99

8.1 INTRODUCTION ....oiiiiitiiiiiiiitiei e 99



vii

8.2  MAIN CONCLUSIONS. ...ttt 99
8.3 FUTURE SCOPE ......coiii e 100
REFERENCES ... ..o 102

LIST OF PUBLICATIONS



Figure No.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

11

1.2

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

LIST OF FIGURES

Title
Indian power sector at glance (MW)
Contribution of RES in Indian Power Sector (MW)
Block diagram of standalone PV system
Equivalent circuit model of solar module
DC/DC buck converter
Flowchart for Perturb & Observe MPPT technique
Flowchart for Incremental Conductance MPPT technique
MATLAB/Simulink model for solar PV system

MATLAB/Simulink model for 2kW PV array with MPPT for
battery charging

Performance of PV array (a) Power (b) Voltage (c) Current at
constant irradiance and temperature using P & O MPPT

technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at constant irradiance and temperature
using P & O MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
constant irradiance and temperature using incremental

conductance MPPT technique

viii

Page No.

22
23
25
26
28
29

29

30

31

31



Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

411

412

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

Performance of PV array (a) battery charging current (b)
battery charging voltage at constant irradiance and temperature

using incremental conductance MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
constant irradiance and temperature using constant voltage
MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at constant irradiance and temperature

using constant voltage MPPT technique
Performance of PV system with varying irradiance
Performance of PV system with varying temperature

Performance of PV array (a) Power (b) Voltage (c) Current at
varying irradiance and constant temperature using P & O
MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at varying irradiance and constant
temperature using P & O MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
varying irradiance and constant temperature using incremental

conductance MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at varying irradiance and constant

temperature using incremental conductance MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
varying irradiance and constant temperature using constant

voltage MPPT technique

32

32

33

34

35

36

36

37

37

38



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

Performance of PV array (a) battery charging current (b)
battery charging voltage at varying irradiance and constant

temperature using constant voltage MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
constant irradiance and varying temperature using P & O
MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at varying irradiance and constant

temperature using P & O MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
constant irradiance and varying temperature using incremental

conductance MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at constant irradiance and varying

temperature using incremental conductance MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
constant irradiance and varying temperature using constant

voltage MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at constant irradiance and varying
temperature using constant voltage MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
varying irradiance and temperature using P & O MPPT

technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at varying irradiance and temperature
using P & O MPPT technique

38

40

40

41

41

42

42

44

44



Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

4.30

431

4.32

4.33

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

Performance of PV array (a) Power (b) Voltage (c) Current at
varying irradiance and temperature using incremental

conductance MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at varying irradiance and temperature
using incremental conductance MPPT technique

Performance of PV array (a) Power (b) Voltage (c) Current at
varying irradiance and temperature using Constant Voltage
MPPT technique

Performance of PV array (a) battery charging current (b)
battery charging voltage at varying irradiance and temperature

using Constant VVoltage MPPT technique
Single phase grid connected PV system
Equivalent circuit model of solar module

Half bridge DC/DC boost converter with HFT

Input/Output waveform of HFT

Single phase grid connected H-bridge inverter with LCL Filter
LCL Filter

Flowchart of variable step size P & O MPPT algorithm

PV operation zone separation based on dPp/dVpy

Simulink model of single phase grid connected PV system
Reference current extraction using SRF theory

DC link voltage

Solar PV array output voltage

Xi

45

45

46

46

49

49

52

53

54

55

56

57

58

59

60

60



Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

521

5.22

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.10

(@) Pulses for DC/D C boost converter, (b) Solar PV array

output power

Inverter output voltage without filtering

Inverter output current without filtering

Grid voltage (V)

Inverter control using PI controller

PV output voltage

DC link voltage (V)

Grid voltage (V)

Grid current (A)

Inverter output current (A)

System description

Equivalent circuit model of solar module
Equivalent circuit model of DC/DC boost converter
Circuit representation of voltage source converter

Flowchart for Perturb & Observe MPPT technique

MATLAB/Simulink model of PV generation system with

control algorithm

Basic block of adaptive notch filter

Soar PV array characteristics (a) Power, (b) Voltage, (c)

Current
DC link voltage (V)

Grid side voltage (V)

xii

61

61

62

62

63

65

65

66

66

67

68

69

70

72

73

74

75

76

77

77



Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

Source current (A)

PCC voltage (a) Vpcc, (b) Positive sequence extraction of
Vpcce

Load current (A)

(a) Active power delivered by source (kW), (b) Reactive power
delivered by source (KVAR), (c) Active power required by
load (kW), (d) Reactive power required by source (KVAR), (e)
Active power delivered by PV system (kW), (f) Reactive
power delivered by source (kKVAR)

THD of source current
THD of load current

Soar PV array characteristics for varying irradiance (a) Power,
(b) Voltage, (c) Current

(a) Active power delivered by source (kW), (b) Reactive power
delivered by source (KVAR), (c) Active power required by
load (kW), (d) Reactive power required by source (KVAR), (e)
Active power delivered by PV system (kW), (f) Reactive
power delivered by source (KVAR)

(@) Source side voltage (V), (b) Source side current (A), (c)
Load voltage (V), (d) Load current (A), (e) Inverter side
voltage (V), (f) Inverter side current (A)

(a) Active power delivered by source (kW), (b) Reactive power
delivered by source (KVAR), (c) Active power required by
load (kW), (d) Reactive power required by source (KVAR), (e)
Active power delivered by PV system (kW), (f) Reactive
power delivered by source (kVAR)

Xiil

77

78

78

79

80

80

81

81

82

83



Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.21

6.22

6.23

6.24

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

THD of source current
THD of load current

Soar PV array characteristics for varying irradiance (a) Power,
(b) Voltage, (c) Current

(a) Active power delivered by source (kW), (b) Reactive power
delivered by source (KVAR), (c) Active power required by
load (kW), (d) Reactive power required by source (KVAR), (e)
Active power delivered by PV system (kW), (f) Reactive
power delivered by source (KVAR)

System Description

DC/DC boost converter
Sensor circuitry

Snubber circuit

Gate driver circuit

Gate driver circuit hardware

(@) PV Output Voltage (V), (b) PWM signal for MOSFET
switching

Inverter Output for R Load (a) Voltage (V), (b) Current (A)

THD of inverter output current

Inverter Output for RL Load (a) Voltage (V), (b) Current (A)

THD of inverter output current

Xiv

84

84

85

85

88

89

89

90

91

91

93

94

94

95

95



Table No.
Table 3.1
Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 5.1
Table 5.2
Table 5.3

Table 6.1

Table 6.2

Table 7.1

LIST OF TABLES

Title
Efficiency of different type of solar cells
Various parameters of buck converter

Performance of P & O, Incremental Conductance
Constant Voltage MPPT techniques

Performance of P & O, incremental conductance
constant voltage MPPT techniques

Performance of P & O, incremental conductance
constant voltage MPPT techniques

Performance of P & O, incremental conductance
constant voltage MPPT techniques

Datasheet for 250 Wp single PV module
Parameter calculations for DC/DC boost converter
Parameter calculations for LCL filter

Parameter calculations for DC/DC boost converter

Parameter calculations for voltage source converter

and

and

and

and

Comparative analyses of Performances of P & O,
Incremental Conductance and Constant Voltage MPPT

techniques

XV

Page No.
19
25
33

39

43

47

o1
52
55
71
71

97



CHAPTER 1
INTRODUCTION

1.1 GENERAL

The purpose of this chapter is to present the motivation behind the work done in
this thesis. The chapter also provides the main objectives of the research as well as the

thesis organization.

1.2 MOTIVATION

The demand for electric energy is expected to increase rapidly due to the global
population growth and industrialization in the near future. This increase in the energy
demand requires electric utilities to increase their generation. In the last six decades,
India’s energy use has increased 16 times and the installed energy capacity by 84 times,
still India is facing the problem of acute power deficit. The present scenario indicates that
India’s future energy requirements are going to be extremely high. In order to meet the
ever increasing power requirements, huge amount of power needs to be generated in the
existing power sector. According to Ministry of Power statistics, the installed power
generation capacity of India as on December 31, 2013 was 234456 MW and with per
capita energy consumption of 917 kWh as on March 2013 [1]. Further, the total demand
for electricity in India is expected to cross 950,000 MW by 2030 and it is beyond doubt
that a substantial contribution would be from renewable energy. As on 31% December
2013, the current installed capacity of thermal power is 159794 MW which is 68% of total
installed capacity. Current installed capacity of coal based thermal power is 138213 MW
which comes to 59% of total installed base and current installed base of gas based thermal
power is 20382 MW which is 9% of total installed base, while oil based thermal power is
1,200 MW which is 0.5% of total installed base. In addition, 39893 MW of power is
generated through large hydro and 4780 MW and 29989 MW of power is generated from
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nuclear energy and renewable energyresources respectively. The graphical representation

of Indian power sector as on December 31, 2013 is presented in Fig. 1.1.

Renewable
29989
Nuclear —___
4780
Hydro
39893

Thermal
159794

Fig. 1.1Indian power sector at glance (MW)

As renewable energy is concerned, the current installed base of renewable energy is
29989 MW. The power generation through wind is 20150 MW; small hydro contributes
3763 MW while the power generated from biomass and solar photovoltaic technology is
3896 MW and 2180 MW respectively [1]. The potential of above mentioned resources is
huge and this could be sufficient to meet the future requirements of power in the country.
The graphical representation of contribution of renewable energy resources in Indian

power sector as on 31% December, 2013 is shown in Fig. 1.2.

Bio Power SPV
3896 2180

Small
Hydro
3763

Wind
20150

Fig. 1.2 Contribution of RES in Indian Power Sector (MW)

However, the increasing use of fossil fuels accounts for a significant portion of
environmental pollution and greenhouse gas emissions, which are considered the main

reason behind the global warming. Solar energy as an energy source has a large theoretical
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potential, and can be utilized both directly and indirectly. Among various types of
renewable energy sources (RES), solar energy and wind energy have become the most
promising and attractive because of advancement in power electronic technique.
Photovoltaic (PV) sources are used nowadays in many applications as theyown the
advantage of being maintenance and pollution free. In the past few years, solarenergy
sources demand has grown consistently due to the following factors:

1) Increasingefficiency of solar cells

2) Manufacturing technology improvement and

3) Economies ofscale.

Meanwhile, more and more PV modules have been and will be connected to
utilitygrid in many countries. Now the largest PV power plant is more than 100MW all
over theworld. Furthermore, the output of PV arrays is influenced by solar irradiation
andweather conditions. PV systems are usually used in three main fields: 1) satellite
applications, where the solar arrays provide power to satellites, 2) off-grid applications,
where solar arrays are used to power remote loads that are not connected to the electric
grid, and 3) on-grid, or grid connected applications, in which solar arrays are used to
supply energy to local loads as well as to the electric grid. Grid-connected PV systems can
be installed on the facades and rooftops of buildings, on the shades of parking lots. They
can also be installed as power plants that aim to inject all their produced power into the
grid. PV penetration levels in the Indian electricity grids are still very low. However, the
Ministry of New and Renewable Energy (MNRE) is targeting to add 20,000 MW grid
connected solar power by 2022 under Jawaharlal Nehru National Solar Mission (JNNSM)

[1]. This will change the scenario significantly.

1.3 SCOPE OF WORK

The power generated from PV system is varying with meteorological parameters
like solar irradiance, temperature etc. Therefore, it is important to analyse the performance
of PV system under different meteorological conditions and also track the maximum
power point (MPP) using MPPT technique.Also the PV systems have very low overall

efficiency about 13-20% as they suffer from many conversion losses. Hence this thesis is
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aimed to develop, analyzeand study the simulation and hardware model of the solar PV
system with MPPTfor improving the efficiency and performance. The main objective of
this work is
e To design and develop MATLAB/Simulink model of Solar Photo Voltaic (SPV)
system
e Performance analysis of Maximum Power Point Tracking (MPPT) techniques for
PV system with battery storage
e To develop the simulation model and hardware setup for single phase solar PV
system with actual PV module for grid integration with various control schemes
e To develop the simulation model three phase solar PV system with actual PV

module for grid integration with various control schemes

1.4 ORGANIZATION OF THESIS

CHAPTER 2 - This chapter consists of the literature survey on Solar PV technologies,
DC/DC converter, MPPT techniques, PWM inverter, single phase grid connected PV
systems and three phase grid connected PV systems.

CHAPTER 3 - This chapter deals with the theoretical information regarding the use of
solar PV technology.

CHAPTER 4 - This chapter describes the detailed design and modeling of standalone
solar PV system for battery bank charging with simulation results. This chapter also
consists the performance analysis of various MPPT algorithms.

CHAPTER 5 - This chapter consists of design, modeling and simulation of a single
phase grid connected PV system with various control schemes.

CHAPTER 6 -  This chapter presents design, modeling and simulation of a three phase
grid connected PV system with various control schemes.

CHAPTER 7 -  Hardware Implementation

CHAPTER 8 -  This chapter presents result and discussions.

CHAPTER 9 - This chapter brings out the main conclusion of this research work and
suggest for scope of further works.
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CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

This chapter consists of a literature survey on various modules in this project.
Various books and research paper related to Solar PV technology, MPPT algorithms,
DC/DC converters, grid connected PV inverter topologies, power quality issues with grid

connected PV systems have been studied, which form the back bone of the present work.

2.2 SOLAR PHOTOVOLTAIC TECHNOLOGY

India is blessed a vast solar energy potential, which is about 5000 trillion kWh/year
(MNRE). Out of which we are able to exploit the small amount of power i.e. 2180 MW as
on 31% December 2013 [1].

Three major families of PV cells are monocrystalline technology, polycrystalline
technology and thin film based technologies. The monocrystalline and polycrystalline
technologies are based on microelectronic manufacturing technology and their efficiency is
in general between 10% and 15% for monocrystalline and between 9% and 12% for
polycrystalline. For thin film cells, the efficiency is 10% for a-Si, 12% for CulnSe2 and
9% for CdTe. The monocrystalline cell has the highest efficiency.

2.3MODELING, DESIGN AND SIMULATION OF PV ARRAY

A circuit model of PV cell is necessary in order to study the photovoltaic system.
Output parameters of solar cell depend upon the meteorological parameters like solar
irradiance and temperature etc [2-10]. The output power produced by solar cell is not

sufficient for use. So the solar cells are grouped together to make panels and arrays.
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Natrajan Pandiarajan et.al presented circuit model of photovoltaic module for a
common use of material scientists and power electronic circuit designers for developing
the better PV power plans. The authors presented the detailed modeling procedure for the
circuit model with equations using simpowersytem block of MATLAB/Simulink. This
paper also presented the MPDT control with DC/DC boost converter with appropriate

simulation results.

M. Abdulkadir et.al proposed a user friendly model using Simulink. Authors
accounted the effect of varying irradiance and temperature on the developed model. They

verified the proposed model with practical model of 36W PV module.

Samer Said et.al considers the PV cell as the main building block for simulation
and monitoring the performance of PV array. The proposed model simulated for various
temperature & isolation values and P-V, I-V characteristics obtained for different
parameters. The authors also studied different patterns of partial shading on PV arrays.
This paper describes a model of PV array which is suitable to simulate the dynamic

performance of PV base power generating systems.

I = Nylpy — NI [exp {N:’XkT} - 1](2.1)

By-pass diode significantly affects the output characteristics of PV array in case of

shading. Authors simulate the presented model for comparing the shaded and unshaded PV

array characteristics. This study consists of two major sections; one is under uniform

insolation and another is under partial shaded conditions. Presented results conclude that

presence of multiple peaks (local peaks) reduces the MPPT efficiency because it fails to
observe the global peak.

Kashif Ishaque et.al presented a two diode model of PV cell. The proposed model
gives better accuracy at low values of solar irradiance and allows predicting solar PV
system performance more accurately. Authors estimate the values of Rp and Rs so that the
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input parameter can be reduced to four and hence computational time can be reduced. A
standard PV module datasheet is used as information to PV simulator. Large array
simulation is supported by the simulator and that can be interface with different power
converter & MPPT algorithms. Model accuracy verified by using five different modules
from various manufacturers.

Output current equation of two diode model PV cell is given as

=1y -1, [exp {V+IRS} B 1] 1, [exp {V+IRS} 3 1] {V+1RS}(2 2)

ai1Vr azVrz

Where,

lozand loz are the reverse saturation currents of diode 1 and 2 respectively

a1 and az represents the diode ideal constant

Vr1and VT, are thermal voltages of their respective diodes

There are seven parameters Ipy, lo1, lo2, Re, Rs, a1, a2 for simplicity researchers assumed that
a1=1, a»=2. Further authors modified the output current equation for PV array as

exp {VHRS(IIVV? g )} ] 1 [exp {V+1Rs(l,\\’,—§§)} _

a1VriNss aVr2Nss

I = Npplpy — Io1Npp

V+IRg (NPP)}
— e\ ((2-3)
{ re(2Z)

Nss

J.A Gow etal developed a general model of solar PV array which can be
implemented on various simulation platforms. Model is used to obtain P-V and I-V
characteristics for the cell by taking temperature and irradiance as input parameter. The
developed model is suitable for the use with power electronics interface.

2.4POWER ELECTRONICS INTERFACE

Power electronic converter is used to interface the PV array to dc bus to perform
three major functions including step up/step down the PV voltage, regulate the varying dc
output voltage of PV array and implement the MPPT of solar array to ensure operation at

maximum efficiency. However, there are various topologies of DC-DC converter including

Delhi Technological University



buck, boost, push pull, half bridge, full bridge, flyback, buck-boost etc [11-14, 51, 65-67,
88-89]. The choice of topology depends on system requirements and its applications.
Ahmed H. El Khateb et. al [14] presented a combination of cuk and buck DC-DC
converter for a standalone PV system. A MPPT control technique is implemented with the
converter to provide a constant voltage/current to battery even under the changing
atmospheric conditions. The proposed system has been tested under different operating

conditions.

Amudhavalli D. et.al [11] proposed a new topology of DC-DC boost converter for
solar photovoltaic power generation system. This topology comprises a interleaved soft
switching boost converter (ISSBC) with maximum power point tracking control. Proposed
converter minimizes the switching losses by adopting a resonant soft switching method.
Advanced P&O MPPT technique has been used in this work to increase the efficiency of
the system. The model has been simulated on MATLAB/Simulink platform as well as
hardware implementation also done by using this boost converter topology authors are able
to reduce input current ripple and output voltage ripple.

Yungtaek Jang et.al [12] developed a new two inductor, two switch boost converter
topology. Proposed converter gives a wide range of output voltage regulation with a
variable load and input voltage. An auxiliary transformer is also incorporated with this
converter to couple the current paths of the two boost inductors. Authors verified the
performance of proposed two inductor boost converter with a 1KW prototype circuit

designed for 40-70V battery voltage input and deliver upto 2.9 A at 380V output.

Hyuntae Choi et.al [10] proposed a solution to reduce the transformation stages
without changing the standard architecture of the system. A high gain DC-DC converter
has been proposed in this paper for multi string PV system architecture. Authors simulate a
1MW PV system by using MATLAB/Simulink and PLECS block set.

Performance of the system has been analyzed for three different cases.

1. Constant solar irradiance.

2. Fast changing irradiance.
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3. Grid voltage sag.
Proposed configuration allows the PV system to achieve medium voltage levels

without need of a low voltage step up transformer.

T.Shanti et.al [13] proposed a boost converter and line commuted inverter with
maximum power point tracking control for solar photovoltaic power generation systems.
The proposed controller delivers the maximum power to the utility grid. Author developed
a laboratory purpose prototype for the proposed system and verified the results.

2.5MAXIMUM POWER POINT TRACKING ALGORITHMS

MPPT control is necessary in order to track the maximum power point of the PV
array. These MPPT techniques are based on the reference voltage or reference current
signal of the PV system which is adjusted in order to achieve maximum power point.These
techniques includes perturb and observe, incremental conductance, constant voltage, open
circuit voltage, short circuit current, extremum seeking control and hybrid etc [15-50, 52,
53, 68-73]. Some techniques based on artificial neural networks, fuzzy logic, genetic

algorithms are also presented in the literature.

Ali Reza Reisi et. al [23] proposed and implemented variety of maximum power
point tracking algorithms. Basically review paper and reclassified MPPT techniques under
three major families i.e. offline, online and hybrid methods. This classification forms a
platform for future research works. Authors categorized MPPT methods according to the
control signal generation and behavior of photovoltaic system when it is leading towards
steady state.

Roberto Feranda et. al [24] presented a comparative study of ten most widely used
maximum power point tracking algorithms using MATLAB/Simulink. Authors compared
ten most common techniques namely constant voltage method, short circuit pulse method,
open voltage method, perturb and observe method, temperature methods, incremental
conductance method. According to the authors conclusion open voltage and short circuit

pulse techniques provides low energy output in comparison with P & O and incremental
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conductance algorithms. Temperature methods continuously calculate and update the
correct voltage reference. Authors analyzed the constant voltage technique is worst among
the all ten MPPT methods.

Hairul Nissah Zainudin et. al [15] compared two MPPT techniques namely
incremental conductance and P & O on the basis of simplicity, digital or analogical
implementation, number of sensors required, speed of convergence, hardware required for
implementation, cost etc. Comparative analysis is carried out by keeping current and
voltage as sensing element and by varying solar irradiance and temperature.
MATLAB/Simulink platform have been used to carried out the results in terms of
efficiency, energy yield etc. Authors analyzed the performance for three type of converters;
Boost converter, buck converter and cuk converter. Paper concluded that the incremental

conductance MPPT algorithm is best in all the cases.

Ragasudha C. P. et. al [38] presented design and implantation of standalone solar
photovoltaic system for the purpose of battery charging with maximum power point
tracking controller. Authors also developed a 600 W prototype for the same system for the
performance analysis. They have chosen a buck converter to implement the incremental
conductance MPPT techniques with IC MPT612. The designed system is effectively track
the MPP of the PV panel and gives efficient operation.

M. Abdulkadir et. al [17] designed and simulate a system incorporated with
maximum power point tracking algorithm with a high frequency boost converter. Designed
controller is able to track the MPP of PV panel by the adjustment of the duty cycle of the
switch used in the boost converter. MATLAB/Simulink software is used to develop the
designed model. Developed model tested under the practical environmental conditions for
different loading levels. Authors also modified the original incremental conductance
algorithm and found new incremental conductance MPPT algorithm more efficient.

F. Z. Hamidon et. al [19] presented a model of PV array with most widely used P &
O maximum power point tracking algorithms. This model has been used to obtain PV array
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characteristics T different irradiance and temperature values. Further the authors analyzed
the characteristics of the model on the basis of other parameters also like series resistance,

shunt resistance and series parallel combination of PV modules.

Seok Il Go et. al [22] reviewed and implemented various available MPPT
techniques in PSCAD/EMTDC with a user defined module of solar PV array. Authors
compared the different techniques on the basis of their simplicity, merits and demerits in
simulation studies in context with the grid connected photovoltaic systems. This paper is

very beneficial in order to understand the existing MPPT control algorithms.

Ali Nasar Allah Ali et. al [21] discussed the 30 MPPT techniques. This work gives
the complete understanding of maximum power point tracking algorithms available in
literature. In this research work all the old and new MPPT methods abserved and
investigated thoroughly and some useful methods also introduced by the authors. New
developed methods are; B method, system oscillation method, constant voltage tracker

method, online MPP searches algorithm, variable inductor MPPT, POS control etc.

Mostafa Mosa et. al [18] proposed a modified MPPT controller using a model
predictive control. Developed controller has been implemented using DC-DC multilevel
converter which is used to step up the small dc voltage. Performance of designed system
has been analyzed under different solar irradiance and temperature conditions on a
MATLAB/Simulink platform and obtain results are validated by using dSPACE 1103

control desk with a real time simulation.

C. P. Paul et. al [16] presented a new two stage DC-DC converter with a MPPT
control algorithm for a solar photovoltaic system. Proposed maximum power point
tracking utilizes the concept fuzzy logic control (FLC). Complete system with boost
converter has been modeled and simulated by using Powersim software. Results are
obtained under various atmospheric conditions and found that the system is more than 90%

efficient with a fast tracking speed.
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Ali F Murtaza et. al [20] identified problems related to P & O MPPT technique and
presented a hybrid technique in MATLAB/Simulink. Presented hybrid technique combines
the two most widely used general MPPT techniques i.e. P & O and fractional open circuit
voltage technique. The proposed hybrid technique overcome the demerits of P & O
algorithms and provides a fast tracking speed even under rapidly changing atmospheric

conditions.

2.6INVERTER TOPOLOGIES FOR GRID CONNECTED PV SYSTEMS

Quan Li et. al [56] presented a study on topologies available for the PV module
integrated converters below 500 W range. Authors classified the topologies in three major
categories based on dc link configuration. The paper provides a useful framework for
future research purpose as the authors also discussed advantages and disadvantages of each
module integrated converter topology. Three topology of MIC are;

1. MIC with a DC link: - In this topology the power conversion process can be
divided into two different stages i.e DC-DC and DC-AC conversions.

2. MIC with a Pseudo DC link: - IN this MIC topology DC-AC conversion stage
operates at power frequency and achieved greatest interest of researches and
advantageous over the two topologies.

3. MIC without DC link: - This topology reduces the need of dc link in power
conversion process. This topology may lead the future generation module

integrated converter for solar photovoltaic PV system

Soeren Baekhoej Kjaer et.al [55] reviewed the inverter topologies available for
single phase grid connection. Authors classified the inverter under four categories:
1. The number of power processing stages in cascade.
2. The type of power decoupling between the PV modules and single phase grid.
3. Whether utilizes a transformer (line or high frequency) or not.
4. The type of grid connected power stage.

Different topologies are studied and compared on the basis of rating, cost of

installation and maintenance required etc. Authors described centralized inverters as the
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past, string inverters and AC modules as present and multistring inverters, AC modules,

AC cells as future in the field of solar photovoltaic systems.

Luigi G. Junior et.al [58] presented the evaluation of different converters for solar
photovoltaic applications. According to the authors the most suitable topology uses a boost
stage and one inverter stage cascaded. Transformer integrated topologies have low
efficiency and high frequency transformer. This paper presented the comparative simulated

result for various topologies.

Frptz Schimpf et.al [57] presented a review for low and medium level grid
connected solar photovoltaic inverters, especially for rooftop applications. Again the
authors classified the inverters according to the configuration of power stages, use of
transformer and type of PV system. According to this review transformer less topologies

are advantageous over the other topologies in terms of cost, weight etc.

2.7CONTROL STRATAGIES FOR GRID CONNECTED PHOTOVOLTAIC
SYSTEMS

DC-AC converter stage should inject sinusoidal current in the grid i.e. current in
phase with the grid voltage. Number of control techniques have been reported in literature
for grid connected solar photovoltaic systems [74-77, 79-85, 90-100].

Sachin Jain et. al [73] proposed a highly efficient single stage inverter topology for
grid integration of solar photovoltaic system. Developed topology provides better
utilization of PV array as well as low cost and compact size. Authors have done complete
steady state analysis of proposed topology. In this topology PV array behaves as a floating
source for grid and hence increased the safety of the complete system. THD of current is

restricted as per grid standards.

G. Shen et. al [84] introduced a new control scheme for the energy storage base

solar photovoltaic grid connected systems. Developed control technique provides a novel
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interface between solar photovoltaic system and grid modeled as a virtual synchronous

generator (VGS) and developed a control scheme for traditional synchronous generator.

A.Papavasiliou et.al [78] developed a current control scheme for grid connected PV
generation system. The proposed technique combines the functions of deadbeat & PI
controller, for a grid integrated three phase voltage source converter. Proposed system is
resistant towards the grid disturbances, measurement errors, filter parameters etc.
Simulation results prove the stability of proposed control technique. Developed controller
has been analyzed in frequency domain and harmonic content of output current also found

out.

D.Amorndechaphon et.al [79] proposed a new soft switching technique for single
phase grid connected PV inverters. The proposed system consists of passive lossless
snubber for boost converter and LLCC resonant inverter. Authors presented a simplified
design procedure with suitable examples. Because of use of soft switching technique
proposed boost converter works under low voltage and current stress, hence reduced
overall switching losses. It can be observed from the results that proposed system

efficiently applicable with small scale PV systems.

Linda Hassaine et.al [81] proposed , simulated and validate a digital control scheme
based on the phase shifting of inverter voltage with respect to the grid voltage for grid
connected photovoltaic system. Proposed scheme provide power factor control with less
number of SPWM patterns for large range of output current.Output current of inverter is
the function of angle between output voltage of inverter and the grid voltage. So by
modifying this angle we can control the inverter output current. Developed controller does
not require a complicated hardware and provides a smart approach for active and reactive

power control.

Yangheng yang et.al [80] presented the evaluation of behaviors of grid
synchronization methods during the grid faults. Authors concluded that enhanced phase

lock loop methods and second order generalized integrator based phase lock loop
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techniques are best techniques for the single phase PV systems as they provide fast
adaptive filtering characteristics. This paper provides comparative study of some grid
synchronization techniques in MATLAB using PLECC toolbox in case of grid faulty

conditions.

Huijuan Li et.al [82] developed a control algorithm for three phase single stage grid
connected PV systems with maximum power point tracking functionality as well as for real
power injection and volt/var control. Automatic switching can be achieved in between
MPPT mode and real power injection mode. To ensure the PV DC voltage stability authors
has developed a method based on dynamic correction of inverter output.Performance
analysis of proposed system has been carried out for fast solar irradiance changes and
systems disturbances. Authors concluded that the proposed algorithm able to provide real
and reactive power control and a well as ensure the PV DC voltage stability during

changing system and atmospheric conditions.

Yu-Kang Lo et.al [76] presented a new combined grid connection and power factor
correction technique for single phase grid PV system. Proposed system also contains
charge storage functionality. Proposed control technique simplified the hardware structure
and provides many functions even at low cost. Authors also implemented a power
management algorithm in order to maintain the correct power relation in between PV
system, battery bank and the grid. Satisfactory experimental results are provided by the

developed system for LKW PV system with nearly unity power factor at grid side.

Shuai Jiang et.al [83]proposed a control technique for single phase grid connected
low power solar photovoltaic system. Given system contains a DC-DC boost half bridge
converter which consist a high frequency plug-in repetitive current controller is proposed
for the control of PV inverter. Proposed system guaranteed low THD under heavy and low
load conditions.A variable step MPPT algorithm has been implemented in DC-DC boost
converter for fast tracking of MPP of PV system.This paper provides validated simulation

and hardware results.
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H.Toodeji et.al [77] proposed a STATCOM integrated solar photovoltaic system
for grid connection. In proposed control technique STATCOM accomplish the
compensating tasks(reactive power compensation, voltage fixing etc.). Authors also
concluded that with integration of STATCOM solar PV system does not require a DC/DC
conversion stage and MPPT control because STATCOM regulates DC voltage at optimal

value. Paper presents a simulated system in MATLAB environments with verified results.

2.8FILTERS FOR GRID CONNECTED PHOTOVOLTAIC SYSTEMS

Filters are necessary to connect between converter and grid in order to eliminate the
negative effects of power converters [78, 86-89]. Design of filters must be precise so that

the whole system works under stable operation.

Jiri Lett et.al [89] presented a comparative study for different filter type for grid
integration of renewable energy resources. Several filter types have been modeled and
simulated in this paper. They are L filter, LC filter and LCL filter. However the
functionality of the filter can be evaluated after the whole system is realized and filter will

be connected between grid and output of the inverter.

Jeorge Dannehl et.al [88] presented a design procedure of LLC filter design for
voltage source converter. Authors discussed the tuning procedure,performance, robustness
and limitation of various solution presented in this paper with simulation and experimental
results. Proposed active damping solution is attractive because of less complexity and less
number of sensors required. For medium power distributed generation system low pass

filter cab be a good choice but notch filters can be adapted for all cases.

2.9POWER QUALITY ISSUES IN GRID CONNECTED PV SYSTEMS

Grid connected solar photovoltaic systems consists at power electronics converters
in order to convert DC to AC, these converter inject harmonics into grid. PV system
suffers from the output voltage fluctuations due to non uniform irradiance conditions.

These all things make PV system unstable in terms of grid connection.
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S.K Khardem et.al [101] presented a technical review of power quality problems
associated with the renewable energy based distributed generation system. This review
paper also described the role of custom power devices like STATCOM, DVR and UPQC
in power quality improvement. Authors explained that output of PV panel depends on the
solar intensity and atmospheric conditions and power quality issues are not only because of
solar irradiance but also depend upon the inverters, filters, controlling mechanism etc.
According to the authors a special attention is required to maintain the voltage profile and
power flow. Custom power devices are found to be very capable for integration of

renewable energy based generating plants into the grid.

Masoud Farhoodnea et.al [102] presented a dynamic PQ analysis of highly
penetrated grid connected photovoltaic systems in distribution network system under
varying atmospheric conditions. From the results and discussions it can be observed that
the high penetrated grid connected PV systems may become a cause of power quality

problems such as voltage flicker, power factor reduction and harmonics etc.

2.10 CONCLUSION

This chapter has given a brief outline of the literature survey carried out during the

course of this project work.
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CHAPTER 3
SOLAR PV TECHNOLOGY: AN OVERVIEW

3.1 INTRODUCTION

This chapter presents a brief overview of solar photovoltaic technology. A detailed
information regarding the solar photovoltaic system design is also provided by this text.

3.2 SOLAR PHOTOVOLTAIC TECHNOLOGY

Solar energy can be utilized with the help of two technologies i.e. solar thermal
technology and solar photovoltaic technology. In India, solar thermal technology for power
generation is limited. However there is a drastic advancement in photovoltaic technology.
The power generated from PV system can be expressed using the following equation:

P=Ax?+Bx +C (Watts )(3.1)

Where, P = power generation (watts),x = solar radiation and A, B, C are the

constants, which may be derived from the measured data.

The photovoltaic (PV) cell is the smallest constituent in a photovoltaic
system.Photovoltaic Cells are basically made up of a PN junction. When solar
irradiancestrikes at the cell surface, the photons are absorbed by the atoms of
semiconductor;and electrons get free from the negative layer. These free electrons findtheir
way through an external circuit toward the positive layer making flow of electric current

from the positive to the negative layer.

With the growing demand of solar power new technologies are being introduced
and existing technologies are developing. There are four types of solar PV cells:

¢ Single crystalline or mono crystalline
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%+ Multi- or poly-crystalline
% Thin film

% Amorphous silicon

Single-crystalline or mono crystalline: These are widely available and the most
efficient cell materials. They produce the most power per square foot of module. Each
cellis made up from a single crystal. To maximize the cell counts in module, the crystals
are further divided into rectangular parts.

Polycrystalline cells: It is made from similar silicon material except that instead
ofbeing grown into a single crystal, they are melted and poured into a mold. This mold
makes asquare block which can be divided into square wafers resulting in less waste of

space and material thanround single-crystal wafers.

Thin film panels: Thin film panels are the newest technology in the field of solar
cell technology.Thin filmmaterials are Copper indium dieseline, cadmium telluride, and
gallium arsenide. They are directly deposited on glass, stainless steel, or other
compatiblesubstrate materials. Most of the thin film materials perform slightly better than
crystalline modules underlow sun light conditions. Thickness of thin film is few

micrometers or less.

Amorphous Silicon: This technology is newest in the area of thin film technology.
In thistechnology amorphous silicon vapor is deposited on a couple of micro meter
thickamorphous films on stainless steel rolls. Thistechnology utilizes only 1% of the

material in comparisonwith crystalline silicon.

Table 3.1 Efficiency of different type of solar cells

Cell Efficiency (%)
1 Monocrystalline 12 -18
2 Polycrystalline 12 -18
3 Thin film 8-10
4 Amorphous Silicon 6-8
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3.3 TYPES OF SPV SYSTEM DESIGN

Solar system design can be design in different manners. But there are two basic
design considerations, they are-
1. Grid connected

2. Stand alone

Grid Connected:Grid connected systemsare mainly composed of a number of PV
arrays, which convertthe sunlight to DC power and a power electronics unit that changes
the DC power to AC power. The produced AC power is fed to the grid and utilized by the
local loads. Storage devices can be used to improve the availability of the power generated
by the SPV systems. Grid integrated systems have the provisions for the customer to sell

back the produced power at cost to the utility grid.

Standalone System:These systems can be utilized to feed power to small loads,
like water pumps and street lights and to the huge loads of a house. The main components
of a stand-alone system include solar panels, a charge controller and batteries. An inverter
can be added to the design for loads that demands AC power. Output voltage of a panelcan
be control by an MPPT controller in order to increase the efficiency of the power deliver
batteries and load. The components of system vary according to the load requirements and
the number of hours for operation during the night. Depending on the load operating
during the day the battery may only need to last minutes to hours. For the systems that
have loads operatingduring night, batteries are selected according to the number of hours
of operation. Continuous operation of system requires the knowledge of dependability of
the load to calculate the amount of reserve energy the system must have to provide.The
stand-alone system has number of advantages like independency from the utility grid,
replacement of petroleum-fueled generators and provides cost effective solutionto remote
areas. The main disadvantages are the cost and replacement of equipment and the loss of

power during periods of poor solar irradiance.
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3.4 CONCLUSION

Various design types of harnessing solar energy with the help of solar photovoltaic

systems has been explained in this chapter.
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CHAPTER 4

DESIGN, MODELING & SIMULATION OF STANDALONE SOLAR
PHOTOVOLTAIC SYSTEM

4.1 INTRODUCTION

This chapterpresents the design and simulation of a standalone solar photovoltaic
system. The main contents of this chapter are system description, different MPPT
techniques used in this work and Simulink modelling, results and discussions.

4.2 SYSTEM DESCRIPTION

The proposed system mainly consists of PV array, DC-DC converter, battery bank
along with MPPT controls. The block diagram of the proposed system is presented in
Fig.4.1.

POWER DC/DC _|+_

> Batter
A7 RN CONVERTER - Y

4

Voltage Current
Sensor Sensor

A A 4

MPPT CONTROL

Fig. 4.1 Block diagram standalone of PV system

Delhi Technological University



23

A DC-DC buck converter is used to step down the voltage level of PV array.
Voltage and current sensors are used to sense the current and voltage of PV and different
MPPT control includes P & O, incremental conductance and constant voltage are used in
this work.

4.3 PV ARRAY MODELING

PV technology enables direct conversion of sunlight to electricity through
semiconductor devices called solar cells. The power produced by solar cell is not enough
for power generation applications. To obtain the higher power, solar cells are
interconnected and hermetically sealed to constitute a photovoltaic module. Further, series
— parallel combination of PV modules constitute a PV array. The equivalent circuit of PV

module is presented in Fig. 4.2.

Isc

O vov

Fig. 4.2 Equivalent circuit model of solar module

From the above circuit diagram, the 1-V characteristics can be obtained by

\%4
I — Ip — =2 —Ipy, = 0(4.1)

Rp
Thus,

1%
Ipy = Isc — Ip — R_I;(4-2)

The reverse saturation current Iys is given as
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Vv
Lis = Iscrer + [exp (ﬁ) —1](4.3)

The module saturation current varies with the cell temperature is given by

()
edCg
I, = I T”fAk * (T:ef - %) (4.4) The basic equation

that describes the current output of the PV module of the single-diode model is given in

equation (4.5).

(Vpy+IpyRs) IpyR
Ipy = IcN, — Ngl, [exp {%} — 1] Vpy + P;p *(4.5)

Where k is the Boltzmann constant (1.38 x 1022 J K1), q is the electronic charge
(1.602 x 101° C), T is the cell temperature (K); A is the diode ideality factor, Rs the series
resistance (Q2) and Rp is the shunt resistance (Q2). Ns is the number of cells connected in

series = 72. Np is the number of cells connected in parallel = 1.

4.4DC - DC BUCK CONVERTER

DC — DC converter is used to interface the PV array to dc bus to perform three
major functions including step up/step down the PV voltage, regulate the varying dc output
voltage of PV array and implement the MPPT of solar array to ensure operation at
maximum efficiency. However, there are various topologies of DC-DC converter including
buck, boost, push pull, half bridge, full bridge, flyback, buck-boost etc. The choice of
topology depends on system requirements and its applications. In this paper, DC-DC buck
converter is designed to step down the PV voltage. The circuit diagram for buck converter
is presented in Fig. 4.3, and the data of various parameters of buck converter are presented
in Table 4.1.
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= »
—

Fig. 4.3DC - DC buck converter

Table 4.1Various parameters of buck converter

S. No. Parameter Formula
. Ipy(1 =D
1. Input Capacitance (C1) I~ D)
2AVPstw
Vey(1 =D
2. Inductance (L) L)
2Ai; fow
3 Output Capacitance (C>) AL,
| s 2 8AV fo

45BATTERY STORAGE SYSTEM

The power generated from PV system is fluctuating in nature, therefore there is a
need of storage systems. In addition, energy storage systems are useful in both utility and
small scale applications. The battery storage systems in grid connected systems helps to
achieve the objectives like mitigation of the variability and intermittency of PV power by
ensuring the maintenance of constant voltage and frequency meeting the peak electricity
demand during low power generation from PV system. There are many battery models are
available in literature. However, this paper uses the lead acid battery. This model is chosen

for its simplicity, low cost and easy availability.

4.6MAXIMUM POWER POINT TRACKING TECHNIQUES

Maximum power point tracking is necessary in order to track the maximum power

point (MPP) under varying meteorological parameters. These MPPT techniques are based
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on the reference voltage or reference current signal of the PV system which is adjusted in
order to achieve maximum power point. In this paper some most widely used MPPT
algorithms including perturb and observe, incremental conductance and constant voltage

have been used.

4.6.1 Perturb and Observe (P & O) technique

Perturb and observe method is simple method which can be implemented by
applying perturbation to the reference voltage or reference current signal of the solar PV
system. After the application of perturbation the output power is compared with the
previous perturbation cycle power output. If the power increases then the increment in
voltage or current remains continuous in same direction. If power decreases then the
variation in voltage or current in reverse direction. This method is also known as ‘hill

climbing method’. A flowchart illustrating this method is shown in Fig. 4.4.

Calculate : P(n)

P(n)-P(n-1)>0

Z(n)-Z(n-1)>0

A 4

Z(n+1)=Z(n)-C Z(n+1)=2Z(n)+C Z(n+1)=Z(n)-C Z(n+1)=2Z(n)+C

Fig. 4.4 Flowchart for Perturb & Observe MPPT technique
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4.6.2 Incremental conductance method

Incremental conductance method is based on the fact that the slope of the PV
module curve is zero at maximum power point. This slope will be positive for values of
output power smaller then MPP and negative for output power greater then maximum
power point.

Maximum output power can be obtained by using the derivative of PV output

power with respect to voltage and equating this to zero.

dp dI
E =1 +VW = 0(46)
By using equation (4.6) the following equation can be obtained
(<) ﬂ _ Impp
wEW= —VMPP(4.7)
dpP Al I
v 0 WV atMPP(4.8)
P>o A s L leftside of MPP (4.9)
dv AV \%
dp Al I . .
< 0 R right side of MPP (4.10)

Instantaneous conductance is compared with the incremental conductance in order
to track the maximum power point. After achieving the MPP, the operation of PV module
is forced to remain at this point unless a change in current occurs as a result of varying
meteorological parameters which leads variation in MPP. The flowchart for incremental

conductance technique is presented in Fig. 4.5.
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START

Sense: V(1),1(t)

l

Al= 1()-1(t-At)
AV= V(D-V(t-At)

Increase Vref Decrease Vref Increase Vref Decrease Vref

v

1()=1(t-At)
V(D)=V(t-At)

v
Return

Fig. 4.5 Flowchart for Incremental Conductance MPPT technique

4.6.3 Constant voltage technique

In this method, operating point of PV module is kept near the maximum power
point by regulating the module/array voltage. It should be matched with the fixed reference

voltage equal to the Vwmpp of PV system. The constant voltage algorithm is the simplest
MPPT control technique.
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4.7 MATLAB/SIMULINK MODELING OF SYSTEM

In this paper a 2 kW PV array with battery storage is used for simulations. To
extract maximum power from PV array three MPPT algorithms namely P & O,
incremental conductance and constant voltage have been used. The system was simulated
in MATLAB/Simulink environment. A MATLAB/Simulink model of solar PV module is
shown in Fig. 4.6. In addition, PV system consisting of PV array, DC-DC converter,

charge controller and MPPT control is also presented in Fig. 4.7.

Rs W+

MO M KD
PV Current

L.

¥ 2

Fig. 4.6 MATLAB/Simulink model for solar PV system

h

Fig. 4.7 MATLAB/Simulink model for 2kW PV array with MPPT for battery charging
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4.8 SIMULATION RESULTS

Three MPPT techniques are implemented in MATLAB/Simulink environment to
study and compare the dynamic performance of PV system. All simulations are performed
under different meteorological conditions. These conditions include constant solar
irradiance and temperature, varying irradiance and constant temperature, constant

irradiance and varying temperature and varying irradiance and temperature.

4.8.1 Performance analysis of PV system at constant solar irradiance and

temperature

The graphical representation of P & O technique, incremental conductance
technique and constant voltage MPPT technique are shown in Fig 4.8 —Fig 4.9, Fig 4.10 —
Fig 4.11 and Fig 4.12 — Fig 4.13 respectively. Also, the analytical performance of three
MPPT techniques is presented in Table 4.2.

From Fig 4.8 — Fig 4.13, it is observed that the power ripple and voltage
fluctuations are highest in case of P & O and least in constant voltage where as response
time and battery charging voltage is almost same in all the three MPPT techniques. The
oscillations in P & O is not constant and oscillating between 0 -59 A. It is concluded that

the overall performance of constant voltage technique is better as compared to other

techniques.
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Fig. 4.8 Performance of PV array (a) Power (b) Voltage (c) Current at constant e
and temperature using P & O MPPT technique
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Performance of PV array (a) battery charging current (b) battery charging
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Fig. 4.10 Performance of PV array (a) Power (b) Voltage (c) Current at constant

irradiance and temperature using incremental conductance MPPT technique
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Fig. 4.11 Performance of PV array (a) battery charging current (b) battery charging
voltage at constant irradiance and temperature using incremental
conductance MPPT technique
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Fig. 4.12 Performance of PV array (a) Power (b) Voltage (c) Current at constant
irradiance and temperature using constant voltage MPPT technique
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Fig. 4.13 Performance of PV array (a) battery charging current (b) battery charging

voltage at constant irradiance and temperature using constant voltage MPPT

technique
Table 4.2 Performance of P & O, Incremental Conductance and Constant Voltage
MPPT techniques
Parameters MPPT Techniques
P&O Incremental Constant
Conductance
Voltage
Power ripple (W) 65 0.7 0.3
Voltage fluctuations 4.1 1.47 1.35
V)
Response time (s) 0.0894 0.07 0.081
Battery charging 47.51 47.79 48
voltage (V)
Battery charging Not constant 31.6 32.7

current (A)

oscillating between
0 to 59 A throughout
the period
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It is mentioned above that the PV modules are characterized at STC but
meteorological parameters like solar irradiance and temperature are not constant under
practical conditions. Amount of solar irradiance reaching at earth surface varies greatly
because of various meterological and atmoshpheric parameters like water vapour
molecules, number of gaseous molecules, aerosoles, cloud, change in position of sun etc.
Under such practical conditions, the impact of these parameters is utmost important on PV
power output. To incorporate such practical conditions, performance analysis of PV system
at varying irradiance and constant temperature, constant irradiance and varying
temperature and varying irradiance and temerature is carried out. The effect of solar
irradiance and temperature on PV output is presented in Fig. 4.14 and Fig. 4.15
respectively. It is clearly mentioned from Fig. 4.14 and Fig. 4.15 that there is a large
impact of these parameters on PV output.

1000W/m2

4| 800W/m2 \\
600W/m2 \ \

Current(A)

0 5 10 15 20 25 30 35 40 45
Voltage(V)

Fig. 4.14 Performance of PV system with varying irradiance
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Current (A)
/
——
/

0 5 10 15 20 25 30 35 40 45
Voltage (V)

Fig. 4.15 Performance of PV system with varying temperature

Further, it is observed that the PV output current varies with irradiance. The
operating point changes with the solar irradiance, temperature and load conditions. With
the increase in operating temperature the output current increases but the value of voltage
decreases drastically. This results in the reduction of the output power.

4.8.2 Performance analysis of PV system at varying irradiance and constant

temperature

The performance of PV systems using P & O, incremental conductance and
constant voltage is presented in Fig. 4.16 , Fig 4.18, Fig 4.20 for changing irradiance and
constant temperature respectively. Further the battery charging characteristics are
presented in Fig 4.17, Fig 4.19, Fig 4.21using P & O, incremental conductance and

constant voltage approach.
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Fig 4.16 Performance of PV array (a) Power (b) Voltage (c) Current at varying

irradiance and constant temperature using P & O MPPT technique
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Fig. 4.17 Performance of PV array (a) battery charging current (b) battery charging
voltage at varying irradiance and constant temperature using P & O MPPT

technique
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irradiance and constant temperature using incremental conductance MPPT
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Fig. 4.19 Performance of PV array (a) battery charging current (b) battery charging
voltage at varying irradiance and constant temperature using incremental
conductance MPPT technique
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Fig. 4.21 Performance of PV array (a) battery charging current (b) battery
charging voltage at varying irradiance and constant temperature using
constant voltage MPPT technique

Performance analysis of these MPPT techniques is carried out at fixed value of
temperature of 25°C and varying solar irradiance. The solar irradiance is suddenly
varied at 300 W/m?, 700 W/m? from STC i.e. 1000 W/m?. In this case, it is observed

that the energy extracted from PV system is less as compared to the constant solar
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irradiance and temperature. From Table 4.3, it is depicted that the performance of
constant voltage is better as compared to other technique in terms of power ripple,
voltage fluctuations, response time and battery charging time. However, this technique
is not suitable suddenly changing metrological parameters like solar irradiance and
temperature. Therefore, incremental conductance technique is better as compared to

other techniques as mentioned above under dynamical conditions.

Table 4.3 Performance of P & O, incremental conductance and constant voltage MPPT

techniques
Parameters MPPT Techniques
P&O Incremental Constant
Conductance
Voltage
Power ripple (W) 25 0.8 1.1
Voltage fluctuations 4.7 2.7 1.6
V)
Response time (s) 0.26 0.27 0.23
Battery charging 47.64 47.78 47.9
voltage (V)
Battery charging Not constant 32 31
current (A) oscillating
between 10 to 50
A throughout the
period

4.8.3 Performance analysis for constant solar irradiance and varying temperature

It is also observed that there is direct impact of solar cell temperature on output of
solar cell and there is decrease in voltage about 0.023 V per degree rise in temperature.
Therefore, the study of impact of temperature in PV system is utmost important. The
performance of PV system at solar irradiance of 1000 W/m? and different values of

temperature i.e. 20°C, 37°C and 50°C is carried out to understand the impact of cell
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temperature of PV output and presented in Fig 4.22 — Fig 4.27 for three MPPT
techniques.The analytical results are also presented in Table 4.4. From this analysis, it is
observed that the performance of constant voltage is better as compared to the P & O and
incremental conductance methods. As mentioned above constant voltage approach cannot

be employed for practical cases, hence incremental conductance technique is best suitable
for this case.
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Fig. 4.23 Performance of PV array (a) battery charging current (b) battery charging

voltage at varying irradiance and constant temperature using P & O MPPT

technique
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Table 4.4 Performance of P & O, incremental conductance and constant voltage
MPPT techniques

current (A)

oscillating between
0 to 59 A throughout
the period

Parameters MPPT Techniques
P&O Incremental Constant
Conductance
Voltage
Power ripple (W) 20 4 1.7
Voltage fluctuations 35 2.9 1.5
V)
Response time (s) 0.28 0.28 0.24
Battery charging 47.68 47.75 47.89
voltage (V)
Battery charging Not constant 31.96 31.89

4.8.4 Performance analysis for varying solar irradiance and temperature

It is clearly observed that there is a significant impact of solar irradiance and

temperature on the PV power generation. Therefore it is utmost important to study the

impact of these parameters simultaneously. Keeping in view, performance analysis of

various MPPT techniques under varying irradiance and temperature is carried out and
presented in Fig. 4.28, Fig. 4.29, Fig. 4.30, Fig. 4.31, Fig. 4.32, and Fig. 4.33 using P & O,
incremental conductance and constant voltage MPPT techniques respectively.
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Fig. 4.28 Performance of PV array (a) Power (b) Voltage (c) Current at varying
irradiance and temperature using P & O MPPT technique
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Fig. 4.29 Performance of PV array (a) battery charging current (b) battery charging
voltage at varying irradiance and temperature using P & O MPPT technique
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irradiance and temperature using incremental conductance MPPT technique
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irradiance and temperature using Constant VVoltage MPPT technique
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MPPT technique
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Table 4.5 Performance of P & O, incremental conductance and constant voltage
MPPT techniques

Parameters MPPT Techniques
P&O Incremental Constant
Conductance
Voltage
Power ripple (W) 22 3.5 1.5
Voltage fluctuations 3.2 1.8 1.3
(V)
Response time (s) 0.24 0.28 0.22
Battery charging 47.89 47.94 48.1
voltage (V)
Battery charging Not constant 26.97 28.1
current (A) oscillating between
0 to 45 A throughout
the period

In this case performance analysis is carried out for varying irradiance ant

temperature. P &0 MPPT technique contains more oscillations then in varying
temperature and constant irradiance conditions and battery charging current is also
oscillatory. Incremental conductance technique performs pretty well in this situation but it
has large response time. Constant voltage MPPT technique again gives higher amount of

extracted energy than other two techniques.

4.9 CONCLUSION

In this chapter, performance analysis of three MPPT techniques namely P & O,
Incremental Conductance and Constant Voltage is carried out and presented with

standalone solar photovoltaic system.
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CHAPTER S

DESIGN, MODELING & SIMULATION OF SINGLE PHASE GRID
CONNECTED SOLAR PHOTOVOLTAIC SYSTEM

5.1 INTRODUCTION

Grid connected photovoltaic systems are gaining more and more attention during
the past decade because it has the advantage of more effective utilization of generated
power. However, there are number of technical requirements which need to be satisfied

from both sides. Some conditions which must be satisfied are:

1. Frequency of PV plant should be same as utility
2. Voltage level should be same for both sides
3. For synchronization it is utmost important that the phase sequence of PV system

should be same with utility grid.

This chapter consisting of detailed modeling of single phase grid connected PV
system with design detail of each component. Basically two PV arrays with different
power ratings have been connected with the single phase utility grid. Modeling of the

system and its component is explained in this chapter followed by the simulation results.

5.2 SYSTEM DESCRIPTION

The proposed system mainly consists of PV array, DC-DC converter with MPPT
control and a single phase H-bridge inverter along with control algorithm. The block
diagram of the proposed system is presented in Fig.5.1. A DC-DC boost converter is used
to step up the voltage level of PV array. MPPT control includes P & O and a modified P &
O algorithm which are used to track the MPP of solar PV system.
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GRID

DC/DC o
PV ARRAY > CONVERTER »| H-BRIDGE INVERTER

INVERTER CONTROL
MPPT CONTROL ALGORITHM [—

Fig. 5.1Single phase grid connected PV system

5.3 COMPONENT MODELING

The proposed system consists of various components like PV array, DC-DC
converter and a single phase H-bridge inverter along it’s with control algorithm. The

present section describes the detailed modeling of each component of the given system.

5.3.1Modeling of PV array

A single diode model has been considered to model the solar cell for this work.
Equation based modeling of PV cell as well as PV module is presented in this section.

Isc

(D b N4 § Rp Vpv

Fig. 5.2 Equivalent circuit model of solar module
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From the above circuit diagram, the 1-V characteristics can be obtained by
Vp
Iye = Ip — R Ipy = 0(5.1)
14
Thus,
14
Ipy = Isc —Ip — R_D(5-2)
14

The reverse saturation current Irs is given as

14
Ls = Iscrer + [exp (:skilcT) —1](5.3)

The module saturation current varies with the cell temperature is given by

()
edCg
I, =1, T”fAk . (T:ef - %) (5.4) The basic equation that

describes the current output of the PV module of the single-diode model is given in

equation (5.5).

(Vpy+IpyRS) IpyR
Ipy = LocNy = Nl [exp {TX0EEE0) — 1] v,y + 2E2(5.5)

Where k is the Boltzmann constant (1.38 x 102 J K1), q is the electronic charge
(1.602 x 101° C), T is the cell temperature (K); A is the diode ideality factor, Rs the series
resistance (Q2) and Rp is the shunt resistance (). Ns is the number of cells connected in
series = 36. Np is the number of cells connected in parallel = 1.
The datasheet of 250 W, solar PV module is presented in Table 5.1.
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Table 5.1 Datasheet for 250 W, single PV module

Parameter Variable Value
Maximum power Pm 250 W
Voltage at maximum power Vm 31.3V
Current at maximum power Im 8.15 A
Open circuit voltage Voc 37.08V
Short circuit current Isc 8.56 A
Total No. of cells in Series Ns 36
Total No. of cells in Parallel Np 1
Temp. Coefficient of Isc Ki (0.065+0.015)%/C
Temp. Coefficient of Voc Kv -(160+-20)mV/C

5.3.2Modeling of DC/DC boost converter

The input for the DC converter is from the solar panel which had highly non linear
output characteristics. The duty ratio of the DC converter is based on the Maximum power
point of solar cell. The various types of DC/DC converters were analyzed in the second
chapter on literature review. Even though the fly back converter suits the most for this kind
of application, the transformer design is very complex and finding a suitable vendor for
manufacturing is difficult. The full bridge is highly effective for high power applications
but not for these low power ratings. Hence it was decided to choose the half bridge Isolated
DC/DC converter for this project.

A general half bridge DC/DC boost converter is modified by decomposing the DC
bus capacitor into two capacitors. A high frequency transformer is implemented in the
boost converter circuit in order to step up the low voltage into a value DC voltage. Further

a half bridge diode rectifier has been used to convert the output of HFT in DC again.
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Fig. 5.3Half bridge DC/DC boost converter with HFT

Table 5.2 Parameter calculations for DC/DC boost converter

Parameter Formula Value
PV Input voltage (Vpy) 30-37 V
Switching Frequency (fsy,) 21kHz
Duty Cycle (D) D=1— Vev 0.3846
Vbe
Input Inductance (L;y) _ VpyD 0.6125mH
N 200
Small DC link Capacitors By 2.55 uF
C Coc =5
(Cpc) 2wAV * Vp
HFT Turn ratio 1:8
Magnetizing Inductance of 0.7mH:25.2mH
HFT

Delhi Technological University



53

Where,

w = Switching Frequency of High frequency Transformer
AV = Input voltage ripple (about 3%)

Ai; = Input current ripple (about 10 %)

Vpe = Small DC link voltage

The waveforms for idealized transformer are presented in Fig. 5.4. When MOSFET
switch Sy is ON and S is OFF, primary voltage (Vr1) is equal to the voltage across first
capacitor (Vc1). If MOSFET switch Sz is ON and S; is OFF then the primary voltage (Vr1)
of HFT is equal to the voltage across second capacitor (Vcz). At steady state the volt sec of

transformer is balanced for primary and secondary both.

A
Tswil

Vel

Vvrl

d1Tswil. -Ve2 L
| |

—»tpd «——

Fig. 5.4Input/Output waveform of HFT

5.3.3Modeling of H-bridge Inverter

The main function of the inverter is to ensure that the PV modules are operated at
the maximum power point (MPP) by ably supporting the DC converters. The other is to
inject a near sinusoidal current into the grid with fewer harmonics [54-64]. The inverters

can be operated in two modes such as
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Square wave inverters

PWM inverters of following types
Single pulse width modulation
Multiple pulse width modulation

Sinusoidal pulse width modulation

vV V Vv v M P

Modified Sinusoidal pulse width modulation

i S1
o] | o L
Gen. Gen.
— <
v | ZS |_ ZS
|
linv g
o Lol Lo2 —>
o < Grid
v J— Co

AC
Vdc2 Vg
YR YY)

PWM |S2 PGW'V' o
Gen. |—<} en. |_<1
N N

Fig. 5.5Single phase grid connected H-bridge inverter with LCL Filter

A filter is required to integrate the PV system into grid via a single phase inverter.
Main functions of filter are to convert the voltage in current from switches, reduce high
frequency noise and protection of semiconductor switches from disturbances. A LCL filter
is designed for this work at the output stage of single phase inverter to feed the PV power
into the grid. Basically, LCL filters are the third order filter and has attenuation of -

60dB/decade for value of frequencies other than resonance.
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Fig. 5.6LCL Filter

Table 5.3 Parameter calculations for LCL filter

Parameter Formula Value
Inverter Switching 10 kHz
Frequency (fsw1)

Grid frequency (F) 50 Hz
Grid power factor 1
Inverter side inductor (L;,) L= Vbe 16.33mH

m 16fswlAiL
Grid side inductor (L) Lyt * Li 9.798 mH
Filter capacitance (Cy) C. = 0.05 « g 75.25 pF
Fe wg * Ugrid
Damping Resistance (R ;) R, — 1 0.030Q
¢ 7 3wo * Aiy Cf

5.3.4MPPT controller

Variable step size perturb and observe MPPT algorithm is used in this work to
track the maximum power point of PV system. This algorithm divides the dPp/dVpv curve
of PV panel into three separate zones. Zone 0 means the PV power is close to maximum
power point. A fine vale of tracking step size is used in zone 0 while zone 1 and zone 2

require a large value of step size in order to obtain a high tracking speed.

Delhi Technological University



56

Detailed operation of given algorithm can be explained further by using flowchart
given in Fig. 5.6. Avrefo, Avrer1 and Avrer2 represent different step sizes in zone 0, zone 1 and
zone 2 respectively, k denotes the iteration count. Avrefo, Avrer1 and Avrerz IS taken as 0.1 V,
0.3V and 0.3 V respectively.

(. stamr )

Sense Vpv(k),lpv(k)

!

AVpv=Vpv(k)-Vpv(k-1)
APpv=Vpv(Kk) Ipv(k-1)-Vpv(k-1) Ipv(k-1)

Is APpV/AVpv=0 ?

Is APPV/AVpv=>S1 ? Is APPV/AVpvV<S2 ?

‘ Vpv*=Vpv*+AVrefl Vpv*=Vpv*-AVref2 ‘

Vpv*=Vpv*-AVrefO %—
—»{ Vpv*=Vpv*+AVrefO 3 - &

END

Fig. 5.7Flowchart of variable step size P & O MPPT algorithm
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Fig. 5.8PV operation zone separation based on dPp/dVpy

5.4 SIMULATION RESULTS WITH DIFERENT CONTROL SCHEMES

The Fig. 5.9 shows the simulation model of the solar PV system with half bridge
converter. In this model, the Simulink based solar PV module as input with MPPT. The
input capacitor forms the voltage divider circuit and the MOSFET switches are switched as
per the MPPT block. The HFT and full bridge diode rectifier provides the DC link voltage
for the inverter. The inverter is SPWM switched and is controlled with the Inverter control

block. It generates the SPWM signals for the H bridge inverter.
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Fig. 5.9Simulink model of single phase grid connected PV system

5.4.1Synchronous reference frame based current controller

DC-AC stage must only inject active component of grid current. So for this the
steady state current error between the actual and desired grid current should remain zero at
any grid frequency. Phase locked loop (PLL) tracks the phase of input voltage signal and
generate unit voltage templates (sine and cosine components). The d-q components of
currents passed by a filter which filter out high frequency harmonic components. Then
again d-g frame is transformed back to 1-phase components. This current is then compared
with source current and error between them is fed to Hysteresis-based PWM signal

generator to produce final switching signals which are the pulses for inverter.
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System terminal voltages are given as,
Vo= Vpcos(wt+®) (5.6)
And current are given as:
iq=Iycos(wt + 6,,)(5.7)

Following equation gives

[id]:[ cos®  sind [i;](58)

gl l—sin® cos@
iz= In phase component of Grid current
i4= Reactive component of Grid current

ig=1cos(®— 6,)
[ d= — I sin(® — Hn)](5.9)

lq

vd Ve
d-q 1 W
1g*=0 Vg To INVERTER Ac
O |
A o
AL
Id Iy
|
Iq "ll'g ‘L@

Fig. 5.10 Reference current extraction using SRF theory
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These reference currents are compared with actual current and error between both
will be the required amount of reactive current supplied by inverter. Error of current is

used to generate pulses for inverter.

SRF based current controller is implemented in single phase grid connected system
in order to achieve grid synchronization. Fig. 5.12 and Fig. 5.13 show the PV voltage and
PV output power respectively. The PV voltage is maintained constant at 30 V, which is
nearly equal to the voltage at maximum power point. The system is simulated under STC
conditions. DC link reference voltage is 400 V, Fig. 5.11 shows the actual DC link voltage.

450

- w -
350 /y
300

Time

Fig. 5.11DC link voltage
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Fig. 5.12Solar PV array output voltage
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Fig. 5.13(a) pulses for DC/D C boost converter, (b) Solar PV array output power
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5.4.2Digital P1 based current controller

The PI control method can be used digitally oranalog to control the various
parameters of inverters like current,voltage, etc.The digital Pl control can be implemented
to the system hardware by using microprocessors by programming the controlling
algorithms.

GAIN

PI CONTROLLER \/\/

********************************************

INVERTER GRID

Fig. 5.17Inverter control using PI controller

Pl algorithm is utilized by the controller to update the response or to minimize the
error between reference current and inverter current. Reference current is the function of
grid voltage and produced by sensing the grid voltage and convert it into current. This is
done to maintain the invert output current at UPF and in phase with grid voltage. Pl
controller monitors the instantaneous error between the inverter output current and
reference current. Finally this error signal is compared with a carrier signal to obtain the
PWM signal of single phase inverter.The PI controller algorithm can be written as

following equations

u(t) = Kpe(t) + Ki [ e(t) dr(5.10)
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Where,

u(t) = control signal
e(t) = error signal

Kp = proportional gain
Ki = integral gain

Discrete time domain equation for proportion gain can be directly applied directly
as it was in the continuous form but integral gain requires approximations. Hence a method

named as trapezoidal sum approximation can be utilized to obtain time domain form.

Kpe(t) = Kpe(k)(5.11)

t

Ki [[_ e (D) dr = KiTk o2 [e(d) + e(i — D](5.12)
t=kx*h (5.13)

Where,H denotes the sampling period and k is discrete time index, k=0, 1.....

u(k) = Kpe(k) + Ki $ieo 2 [e(i) + (i — D] (5.14)

The heart of control lies in these two above mentioned equations. To ignore the

need to calculate the full summation every timethe summation is expressed as arunning
sum:

sum (k) = sum (k— 1) + [e(k) + e(k — 1)] (5.15)

u(k) = Kp e(k) + Ki sum (k) (5.16)

Simulation has been done for a single phase grid connected PV system by keeping
its parameters at STC. Fig. 5.18 shows the PV output voltage which is maintained at a

constant value of 28 V less than the voltage at maximum power point
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Fig. 5.18PV output voltage

This is utmost important to maintain the DC input voltage of inverter at a constant
value, so that the AC output voltage remain constant and the system can be synchronized
with the utility grid. Here a reference value of DC link voltage is set at 400 V. In this case
the DC link voltage is 380 V approximately and has a constant value throughout the

simulation period.
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Fig. 5.19DC link voltage (V)
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Fig. 5.20 shows the waveform of the grid voltage and Fig. 5.21grid current (lgrig),

which is apure sinusoidal waveform in phase with the grid voltage and atunity power

factor.Vinv is shown in Fig. 5.22 which is a unipolar square wave voltage. Pl control signal

iscompared with a triangular carrier signal in order to generate gating pulses for the

inverterswitches.
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Fig. 5.20Grid voltage (V)
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Fig. 5.21Grid current (A)
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Fig. 5.22Inverter output current (A)

5.5 CONCLUSION

This chapter presented design and modeling of single phase grid connected PV

system with simulation results. Two control algorithms have been developed and

implemented with the system to control the single phase inverter and to synchronize the

system with utility grid.SRF based control technique is developed for single phase system

with some modifications. Second control technique is basically based on a Digital Pl

current control method.
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CHAPTER 6

DESIGN, MODELING & SIMULATION OF THREE PHASE GRID
CONNECTED SOLAR PHOTOVOLTAIC SYSTEM

6.1 INTRODUCTION
The downward tendency in the price of the photovoltaic modules, together with

their increasing efficiency, put solid-state inverters under the spot lights as enabling
technology for integrating PV systems into grid. Grid synchronization unit plays important
role for grid connected SPV systems. This chapter consists of detailed modeling of three

phase grid connected SPV system with various control schemes.

6.2 SYSTEM DESCRIPTION

The given system consists of a SPV array, DC/DC boost converter and a three

phase voltage source converter with grid synchronization control schemes.

S, Se

b b

—
Voc VOLTAGE
PV ARRAY J—) Vev gg{\‘DTCRgEEé; SOURCE
CONVERTER

v A ANALOG
POWER LPF
CALCULATION

MPPT CONTROLLER V.
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POSITIVE Ve CONTROLLER
SEQUENCE [———>
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Fig. 6.1System description
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6.3 COMPONENT MODELING

The proposed system consists of various components like PV array, DC-DC
converter and a three phase voltage source converter along it’s with control algorithm. The

present section describes the detailed modeling of each component of the given system.

6.3.1PV array modeling

A single diode model has been considered to model the solar cell for this work.

Equation based modeling of PV cell as well as PV module is presented in this section.

Isc

@ "y = v

Fig. 6.2 Equivalent circuit model of solar module

From the above circuit diagram, the 1-V characteristics can be obtained by

\%4
Iy — Ip — 2 —Ipy = 0(6.1)

Rp
Thus,

1%
Ipy = I — Ip — 5(6-2)

The reverse saturation current Iys is given as

14
Lis = Iscrer + [exp (Ijsk:CT) —1](6.3)

Delhi Technological University



70

The module saturation current varies with the cell temperature is given by

(TT )3 e%Cs 11
I, = I rEfAk * (Tref — ;) (6.4)

The basic equation that describes the current output of the PV module of the single-diode

model is given in equation (5).

(Vpy+IpyRs) IpyR
Ipy = IseNy = Nel, |exp {TEEEEDY — 1] v, + E22(6.5)

Where k is the Boltzmann constant (1.38 x 1022 J K1), q is the electronic charge
(1.602 x 101° C), T is the cell temperature (K); A is the diode ideality factor, Rs the series
resistance (Q2) and Rp is the shunt resistance (Q2). Ns is the number of cells connected in

series = 36. Np is the number of cells connected in parallel = 1.

6.3.2DC/DC boost converter modeling

Output of PV array is highly affected by the meteorological parameters like
irradiance, temperature and keeps on changing. A control technique named as MPPT
(maximum power point tracking) is required to continuously track the maximum power
point of PV array. A power converter is required to implement the MPPT control and to
step up the voltage level at a value so that the DC link voltage can be maintained at a

constant value.

N/

Vi/ + — c—— R
I
- —

Fig. 6.3 Equivalent circuit model of DC/DC boost converter
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Table 6.1 Parameter calculations for DC/DC boost converter

Parameter Formula Value
PV Output voltage (Vpy) 650 V
Switching Frequency (f,) 10.6kHz
Duty Cycle (D) D=1— @ 0.375
VDC
Input Inductance (L) _ VpyD 1.5 mH
L7 2005 fo
DC link Capacitors (C) = I;,D 2800uF
Avf,

Where,

I;»= Input current to DC/DC boost converter
Ai; = Input Current ripple (about 10%)

Av = Input voltage ripple (3 %)

6.3.3Voltage source converter

The three phase voltage source converter consists of a six switching devices which
converts DC voltage into AC voltage. The VSC consists of capacitors to filter the DC link
voltage. In the VSC, IGBT semiconductor switches are used and designed for 415 V, 25
kW at 0.8 p.f. lagging load. Fig. 6.4 shows a circuit representation of three phase voltage
source converter.

Table 6.2 Parameter calculations for voltage source converter

Parameter Formula Value

RMS Load current (Igps) va 25 A
3Vo

Switching Frequency (fs) 10kHz
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Where,
VA= Load Power/Power factor

7, = Output voltage (Line to line)

Sl;—‘_ sa >—'— sa >—'—
JE N JE N — =&

linv 1

Vdc2

JE 5 JE 7N JE 78

Fig. 6.4Circuit representation of voltage source converter

6.3.4MPPT controller

Perturb and observe method for tracking the maximum power point of solar PV
array is implemented here. After the application of perturbation the output power is
compared with the previous perturbation cycle power output. If the power increases then
the increment in voltage or current remains continuous in same direction. If power
decreases then the variation in voltage or current in reverse direction. A flowchart

illustrating the operation of this method is shown in Fig. 6.5.
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Fig. 6.5 Flowchart for Perturb & Observe MPPT technique

6.4 SIMULATION RESULTS WITH CONTROL ALGORITHM

A large number of control techniques are reported in literature for voltage source

converters (VSC) like Synchronous Reference Frame theory (SRFT), Instantaneous

Reactive Power Theory (IRPT), PI controller based algorithms, Adaline based algorithm

etc. In present work adaptive notch filter based control technique is proposed for VSC in

SPV generation system.
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6.4.1Adaptive Notch filter based grid synchronization approach

Adaptive Notch filter based technique offers the compensation of harmonics
current and reactive power with linear and nonlinear both type of loads. To maintain
constant DC link voltage a PI controller is implemented in this paper. The complete system
has been designed, developed and simulated by using Sim Power System and Simulink
toolbox of MATLAB.
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@r T
Discrate, hase a
= 22-006 P zsa
a ib ob 3
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phase b Zsh
ic oo Connd
@ AT © o r
phase ¢ il M2 Load
M1
onn iz o3 ,J
Zsni
? ? Conn2 i cb Zzn2
e
MPPT Controller Inverter control scheme Zsn3
Connd ic oo

SOLAR PV FOWER GEMERATION SYSTEM M2

Fig. 6.6MATLAB/Simulink model of PV generation system with control algorithm

Adaptive notch filter (ANF) approach is used to synchronize the interfaced PV
system with grid to maintain the amplitude, phase and frequency parameters in power
quality improvement. The signal is in the periodic form and is defined as

u(t) =Y A;sing; where ¢; = w; + ¢;(1)(6.6)

Where A;non zero amplitudes, w; non zero frequencies and phases ¢;are unknown

parameters. These parameters are measured using ANF signal extract the required signal to
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be injected at point of common coupling. The dynamics of the signal at the time of
interface is given by second order differential equations as:

¥+ 0%x = 270e(t) (6.7)

e(t) = u(t) — x(6.8)

0 = —yOxe(t)(6.9)

Here, u(t)is the input signal, 6 represents the estimated frequency and ¢ and y are
real and positive parameters, that determines the performance of ANF in terms of proper

synchronization in phase and frequency for the injection of fundamental signal to the grid.

For extracting the fundamental component

u(t) = A; sin(w,t + §)(6.10)

Dynamics of the signal in eq. (2) has a periodic function in state equation in the form of

X —Z—llcos(w1+6)
v© = (%)= Asngo, +0) 019

wq

The third entry of v(t)is the estimated frequency and it is identical to its correct value w,

x > Fundamental
Ox, — Fundamental_90 deg
Isr:gz; > |um(®) ANF w, [——> Frequency
h }—> Harmonics
A |——> Amplitude

Fig. 6.7 Basic block of adaptive notch filter
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6.4.2Simulation results with nonlinear load

Performance analysis of three phase grid connected solar photovoltaic system has
been carried out on the basis of various parameters: PV output power, PV voltage, PV
current, DC link voltage, PCC voltage, grid voltage, grid current, voltage source converter
current, power supplied by the voltage source converter etc. System is designed at a
voltage level of 415V (L-L). A nonlinear load of 40 KW is used for simulation studies. The
maximum power output of designed SPV array is 25 kW. At 0.15 s MPPT control is
applied to the system to feed maximum power to the load. Reference value of the DC link
voltage is kept 700 V. Fig 6.8 shows the PV characteristics and DC link voltage is shown
in Fig. 6.9. Grid voltage and grid currents are shown in Fig. 6.10 and 6.11 respectively. It
can be clearly observed from the waveform that the initially the complete load current is
feeding by the source only. But after 0.1 s, the load current is shared in between grid and
SPV system.

PVPower Ppv (W)
N S

PV Voltage (V)
N B (2]
o 8 8 8

05 0.1 0.15 0.2 0.25 0.3

o
o

8

a
=]

o

PV Current Ipv (A)

o
o

0.05 0.1 0.15 0.2 0.25 0.3
(c)

Time

Fig. 6.8 Soar PV array characteristics (a) Power, (b) Voltage, (¢) Current
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Fig. 6.9 DC link voltage (V)
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Fig. 6.10 Grid side voltage (V)
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PCC voltage is shown in Fig. 6.12 with the positive extracted component of PCC

voltage. Adaptive filter based approach is utilized here to extract the positive component of

PCC. Load current waveforms are also shown in Fig 6.13.

Vpcc (Positive sequence)

Load Current (A)

Vpcc (V)
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Fig. 6.12 PCC voltage (a) Vpcc, (b) Positive sequence extraction of Vpcc

VY

Vi

0.1

0.15
Time

Fig. 6.13 Load current (A)

Initially the whole power requirements of the load is accomplishing by source only.

After 0.1 s it is shared among the two generation sources namely grid and SPV system.

Maximum amount of the reactive and active power requirement of the load is taken care by

the solar photovoltaic generation system. VSC is also acting like a reactive power

compensator with active power supplier. Fig. 6.14 shows the THD analysis of the source

current, which is 3.75 %.
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Fig. 6.14 (a) Active power delivered by source (kW), (b) Reactive power delivered by
source (kVAR), (c) Active power required by load (kW), (d) Reactive
power required by source (kKVAR), (e) Active power delivered by PV
system (kW), (f) Reactive power delivered by source (kVAR)
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Fig. 6.17 Soar PV array characteristics for varying irradiance (a) Power, (b) Voltage,
(c) Current
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Fig. 6.18 (a) Active power delivered by source (kW), (b) Reactive power delivered by
source (kVAR), (c) Active power required by load (kW), (d) Reactive
power required by source (kVAR), (e) Active power delivered by PV
system (kW), (f) Reactive power delivered by source (kVAR)
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Fig. 6.17 shows the PV array characteristics for variations in irradiance. To
visualize the effect of the changing irradiance conditions, different irradiance inputs
provided to the solar PV array. Active and reactive power delver by both source and PV
array along with the load requirements are shown in Fig. 6.18. When at 0.2s irradiance
drops down to 800 W/m?, output of PV system reduced. Proposed MPPT technique
responds at a very fast rate in order to track the MPP of the PV array. With the drop in the

output power of the PV array, output of the inverter also reduces.

6.4.3Simulation results with linear load

A linear load of 40 kKW is used for simulation studies to analyze the performance of
the three phase grid connected PV system. The maximum power output of designed SPV
array is 25 kW. At 0.15 s MPPT control is applied to the system to feed maximum power
to the load. Reference value of the DC link voltage is kept 700 V.

1000
> [JR0000000000 000505 0050.50090000 0009880080080V 0000000VIA000T0ENEET000008008000000000090000
2 INEEIEEIEETIILVISTIOTELIAIFAESISERVIELIELEOTINIIEIETENIINI IS TAREIVTISEILUINTENIEIEITIINY,
10007 01 0.2 0.3 0.4 05 0.6
100 (3
< o W%ﬁ%ﬁ%ﬁx&%%ﬂ%w e e et Sttt s ettt
-100 0.2 0.3 0.4 0.5 0.6
1000 ()
> PJR0EE0000000000 580000000900 00 000008008000 000 8000000V 00ET0ETEI000000200000000000000000
S BUSS VSN VELVINVISUSVVEV S UEU VIS EVEVTED VI VISV VIVVISVINIILISUVIN IS EENVIEUIN OIS VY]
1000 01 0.2 0.3 0.4 05 0.6
100 (e —— -
< 0/\/2(\/\/\//\//\ \Y\\/X\\p L0000 /}“\Q“\ﬂf\ mﬁﬂ/)ﬁ/%\/‘/‘\‘ /\/\/7(’\\7(\ ) \Q(\\O(\[\‘ 440
= 1 R UCOUU U \U\U\b% U EOAROARVASTAVEANIANVAVONTPARIANIARAAR TS
0 0.1 0.2 0.3 0.4 05 6
S 1000 (d - A , A
o DR R R R 0%
_<>5 1000 [BVSU UL VINVIIVERIENESEEESVINEEEISETES ISV VNIV EENEIN URNTEUEIEEICOIEIEVENESIESLY.
’ 01 0.2 0.3 0.4 05 0.6
~ 100 (e)
7, A L Y LU
g X XAARAAAANAA PEERERREALERSRERVERERERARFELEREERERERIERARRE RS SRR RRR SIS
= -100
01 0.2 0.3 0.4 05 0.6

()

Time

Fig. 6.19 (a) Source side voltage (V), (b) Source side current (A), (c) Load voltage
(V), (d) Load current (A), (e) Inverter side voltage (V), (f) Inverter side
current (A)
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Grid voltage, grid current, inverter voltage, inverter current along with the load

voltage and current are shown in Fig. 6.19. It can be clearly observed from the waveform

that the initially the complete load current is feeding by the source only. But after 0.1 s, the

load current is shared in between grid and SPV system.
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Fig. 6.20 (a) Active power delivered by source (kW), (b) Reactive power delivered by

source (kVAR), (c) Active power required by load (kW), (d) Reactive
power required by source (KVAR), (e) Active power delivered by PV
system (kW), (f) Reactive power delivered by source (kVAR)

The total harmonic distortion analysis of source current with the integration of the

PV system is

4.78 % while the THD of load current is around 0.88% only. It can be

observe that the integration of solar PV array into the system increase the harmonic

components in the source current is increased.
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case also to check the reliability and tracking speed of the proposed MPPT

technique, changes in irradiance has been made same as the previous case.
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Fig. 6.23 Soar PV array characteristics for varying irradiance (a) Power, (b) Voltage,
(c) Current
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Fig. 6.24 (a) Active power delivered by source (kW), (b) Reactive power delivered by

source (kVAR), (c) Active power required by load (kW), (d) Reactive
power required by source (kVAR), (e) Active power delivered by PV
system (kW), (f) Reactive power delivered by source (kVAR)
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6.5 CONCLUSION

This chapter presented design and modeling of three phase grid connected PV
system with simulation results.Adaptive notch filter based grid synchronization technique
has been developed and implemented in the system to provide the control signals to the
three phase voltage source converter. Simulation results are provided with proper

waveforms and discussions.
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CHAPTER 7
HARDWARE IMPLEMENTATION

7.1 INTRODUCTION

The main objective of this thesis is to develop the hardware for the single phase
grid connected PV system using half bridge boost converter with high frequency
transformer. As the output voltage of PV system is not enough to integrate this with the
grid, it is necessary to modify the classical boost converter available in literature. In
simulation analysis the modified converter is working satisfactorily. But the high
frequency transformer is most difficult component to design and still it is under
development stage. So a lab scale prototype has been developed which contains a solar PV
module, DC/DC boost converter, a single phase H bridge inverter. In this chapter the
hardware implementation of the solar power converter with MPPT interfaced with actual

solar array controlled using dSPACE is presented.

7.2 HARDWARE DESCRIPTION

The major components of implemented hardware are:

» Vikram Solar make 250 W, PV panel

DC/DC boost converter

Single phase H bridge inverter

Measurement circuit using current and voltage sensors
Protection circuitry

dSPACE

Personal computer to interface software with hardware

YV V. V V V V
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A detailed description of each hardware component is given in the following

sections. In addition, the complete hardware is presented in Fig. 7.1.

Fig. 7.1 Complete hardware system

7.3 SOLAR PV MODULE

A Vikram Solar make 250 W, solar PV panel is used in this project. The technical
specification of this panel is given in Table 5.1.

7.4 DC/DC CONVERTER

This boost configuration based DC/DC converter is built using MOSFET switch
capable of higher switching frequencies. MOSFETswitch is mounted on individual heat
sinks as per thermal heat dissipation requirement. The design details of the DC/DC
converter are as given in the Fig. 7.2. The PWM pulses generated from dSPACE and are
fed to the gate of the MOSFET through the isolation and amplifier circuit.
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Fig. 7.2 DC/DC boost converter

7.5 MEASUREMENT UNITS

A sensor is a device which converts measured physical quantity into a form of
signalrequired by the end instrument. Current and voltage of converter are measured by the
current (LEM LA 25 P) and voltage (LEM LV 25 P) respectively. These currents and
voltage values are input to dSPACE system. Output of these sensors are small amount of
current, so a resistance is added in series to the sensor and voltage drop across it is taken as
the input to dSPACE.

15V 10 kQ

LEMLV25P Signal to dSPACE

Lo

Fig. 7.3 Sensor circuit
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7.6 SNUBBER CIRCUIT FOR MOSFET SWITCHES

A snubber circuit is required to protect MOSFET switch from dV/dT protection
during switching operations. The circuit is basically consists of a diode, resistance and a

capacitor, which are connected across the MOSFET switches.

—— 0.47uF

%
MOSFET F>—— 5KO IN 5408
%

Fig. 7.4 Snubber circuit

7.7 SINGLE PHASE INVERTER

The International rectifier make insulated gate bipolar transistors (IGBT)are used as
a switch of H bridge inverter in this project. These IGBT switches are capable of high
power ratings (600 V, 12 A). It had internal driver gate driver and switch protection
circuits against the switching transient and are capable of switching at a maximum
switching frequency of 20 kHz. An isolation circuit using optocoupler is used to send the
PWM signal from dSPACE to gate driver circuits.

7.8 ISOLATION AND GAIN CIRCUIT

The switching signalsgenerated from dSPACE PWM output module are applied to
the optical isolation circuit consisting of the 6N136 optocoupler and its output is amplified
through 2N222A switching transistor to 15V. The optocoupler provides the optical

isolation between the control circuit including dSPACE and the gate power circuit. The
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same isolation circuit can be used for the MOSFET and IGBTSs both. The isolation circuit

is shown in Fig. 7.5.

-15Vv +15V

6NI36

220Q
4.7 kQ 1kQ

PWM Signals from /T/ ZX

dSPACE XZ P
|
I
I
|
} 1kQ
- Y 2N2222
— OPTOCOUPLER L

Fig. 7.5 Gate driver circuit

Fig. 7.6 Gate driver circuit hardware implementation
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7.9 dSPACE (DS1104 CONTROL BOARD)

The DS1104 R&D Controller Board upgrades the PC to a development system for
rapid control prototyping (RCP). The real-time hardware, based on a PowerPC
microprocessor and its 1/O interfaces make the board ideally suited for developing
controllers in various fields, in both industry and academics. The DS1104 R&D Controller
Board is a standard board that can be plugged into a PCI (Peripheral Component
Interconnect) slot of a PC. The DS1104 is specifically designed for the development of
high-speed multivariable digital controllers and real-time simulations in various fields. It is
a complete real-time control system based on a 603 PowerPC floating point processor
running at 250 MHz. For advanced 1/O purposes, the board includes a slave-DSP
subsystem based on the TMS320F240 DSP microcontroller. Interfacing of DS1104 & PC-
MATLAB is done in order to ease the operation of control. The single phase current and
voltage once sensed are fed to the ADC port of DS1104 by means of BNC cable. DS1104
interfaces with the MATLAB, where the control circuit is designed. The gate pulses are
determined through the control circuitry. These gate pulses are then fed to the inverter
through the Digital 1/0 connector port of DS1104 separated by the isolating circuit in order
to prevent the gate from being shorted. The DS1104 contains two different types of
analog/digital converters (ADCSs) for the analog input channels:

(i) One 16-bit ADC with four multiplexed input signals: the channels, ADCHL1 ... ADCH4
(if) Four 12-bit parallel ADCs with one input signal each: the channels, ADCH5 ...
ADCH8

The digital 1/0 connector (CP17) is a 37-pin, male Sub-D connector located on the
front of the connector panel. The important thing to note is that the ADC input to the DS-
1104 should be between £10 V. In order to make this possible, the gain of current sensor
and voltage sensor are accordingly set in the circuit. Fig 3.9 shows control desk screen of
dSPACE. This is also known as CRO of dSPACE. In this CRO system parameters like
supply voltage, current, firing pulses, etc. can be viewed both in waveform pattern as well

as in magnitude.
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7.10 HARDWARE RESULTS

The circuit is tested of a 20 kHZ switching frequency with a IGBT based single
phase inverter. Solar PV module offers quite nonlinear VI characteristics and can supply
limited voltage or current. Hence the MPPT is very much essential for optimizing the
power output.This section discuss about the results obtained from the power converter with
solar panel for a bright sunlight around 800 W/m? irradiance. Fig. 7.7 shows the PV output
voltage with switching pulses of MOSFET switches.

Linax=—2¢ 8L

(a) (b)
Fig. 7.7(a)PV Output Voltage (V), (b) PWM signal for MOSFET switching

The above waveforms showing the inverter output voltage, current and THD in
inverter current for R load are captured through the power analyzer and obtained results are
as shown in the Fig. 7.7, 7.8 and 7.9 respectively.From Fig. 7.9 it is clearly seen that the
THD of output current is 2.7 % and the values of output voltage isless than the expected
value. This is due to losses across MOSFET switches, LC filter and in H bridge inverter

switching and filtering.
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Fig. 7.9 THD of inverter output current

Fig. 7.10, 7.11 and 7.12 shows the inverter output voltage, current and THD in
inverter current for RL load.The THD of output current is 6.8 %.
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Fig. 7.11 THD of inverter output current

7.11 CONCLUSIONS

This chapter presents the hardware implementation of solar PV system with actual

PV module, DC/DC boost converter and H bridge inverter. Complete analysis of system is
shown for R and RL load with THD.
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CHAPTER 8
RESULT & DISCUSSIONS

8.1 INTRODUCTION

This section presents a detailed discussion on the outcome of this research work.
Firstly, the comparative analysis of various MPPT techniques is presented. Further various
simulated control techniques of grid connected single phase solar PV system are compared
on the basis of performance. Also results of three phase grid connected PV system are also
discussed. A brief discussion on hardware results is also presented.

8.2 RESULT AND DISCUSSIONS

In this work, performance analysis of three MPPT techniques namely P & O,
incremental conductance and constant voltage is carried out and presented. The
performance is evaluated on different meteorological conditions like constant irradiance
and temperature, varying irradiance and constant temperature, constant irradiance and
varying temperature and finally at varying irradiance and temperature. The Summary of

performance of three MPPT techniques is listed in Table 7.1.

In addition, battery charging characteristics is also evaluated on the basis of battery
voltage and battery charging current. It is concluded that the performance of constant
voltage technique is better as compared to others at constant irradiance and temperature

whereas P & O approach is better at constant irradiance and varying temperature.
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Table 7.1  Comparative analysis of P & O, Incremental Conductance and
Constant Voltage MPPT techniques
Parameters
At constant | At varying irradiance | At constant | At varying irradiance
) irradiance and | and constant | irradiance and | and temperature
Technique | temperature temperature varying temperature
Large power | Large power ripples, | Large power ripples | Large power ripples,
ripples, large | Large voltage | but less than varying | Large voltage
voltage fluctuations, Constant | irradiance conditions, | fluctuations,
fluctuations, charging voltage of | Large voltage | Constant  charging
Constant charging | battery, Oscillatory | fluctuations, Constant | voltage of battery,
voltage of battery, | battery charging | charging voltage of | Oscillatory  battery
Oscillatory battery | current, battery,  Oscillatory | charging current,
P&O charging current, ) battery charging | Less response time
Large response | Less response time | current, Less | and Less stable
time and and response time and
Less stable
Less stable Less stable
Less power | Less power ripples, | Less power ripples | Less power ripples
ripples, Less | Less voltage | but more  than | but more than other
voltage fluctuations, Constant | varying irradiance | three cases, Less
fluctuations, charging voltage of | conditions, Less | voltage fluctuations,
Constant charging | battery, Oscillatory | voltage fluctuations, | Constant  charging
voltage of battery, | battery charging | Constant  charging | voltage of battery,
Incremental | Aot constant | current, Large | voltage of battery, | Oscillatory  battery
Conductance | pattery  charging | response time, Less | Oscillatory  battery | charging  current,
current, less | stable charging current, | Large response time,
response time, Large response time, | Less stable
stable Less stable
Very less power | Very less power | Very less power | Less power ripples,
ripples, Less | ripples, Less voltage | ripples, Less voltage | Less voltage
voltage fluctuations, Constant | fluctuations, Constant | fluctuations,
fluctuations, charging voltage of | charging voltage of | Constant  charging
Constant charging | battery, Almost | battery, Almost | voltage of battery,
voltage of battery, | constant battery | constant battery | Almost constant
Constant | Almost  constant | charging current, Less | charging  current, | battery charging
Voltage | patery  charging | response time, | Less response time, | current, Less
current, Less | Become unstable (for | Become unstable(for | response time,
response time, | real time applications), | real time | Become unstable(for
stable Less accurate than | applications), Less | real time
constant conditions accurate applications),  Less
accurate than

constant conditions
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However, the performance of incremental conductance approach is better as
compared to other techniques at varying irradiance and constant temperature and varying
solar irradiance and temperature. Therefore incremental conductance technique is better for
evaluating the performance of PV system under meteorological parameters.

A single phase grid connected PV system has been designed and simulated in this
work. Performance analysis is carried out for the two different control schemes namely
synchronous reference based current controller and digital Pl control. SRF based control of
single phase grid connected system is found to be better in this case because it is simple

and giving better results.

A three phase grid connected PV system has been designed and simulated with
adaptive filter based grid synchronization technique. The capability of the designed control
algorithm in extracting the positive sequence component has been tested and found to be
very good as the results are satisfactory. The THD of source current is also very less only
3.75%.

A hardware implementation of the solar power converter with MPPT interfaced
with actual solar array controlled using dSPACE is presented in this thesis. The voltage
and current output are obtained for R and RL load. THD analysis of the output current is
carried out and found within the limits. The proposed MPPT technique and control

technique both are working properly with satisfactory results.

8.3CONCLUSION

This chapter presented a brief discussion for various outcomes of the research work

carried out in this thesis.
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CHAPTER 9
CONCLUSIONSAND FUTURE SCOPE

9.1INTRODUCTION

After discussing about the various aspects of this project from conceptualization to
design and results, the next most important thing is to draw the conclusions from this
research work. This chapter discusses the conclusions arrived and also outline the scope for

future work in this area.

9.2CONCLUSION

The objective of this project is divided into four parts; one is to design, modeling
and simulationof standalone PV system with battery storage; second is to design, modeling
and simulation of single phase grid connected PV system with different control techniques
for grid synchronization, third objective is to design a three phase grid connected PV
system with adaptive filter based grid synchronization approach and final is to implement
hardware for single phase grid connected PV system. All the objectives have been met

satisfactorily.

Performance analysis of three MPPT techniques namely P & O, incremental
conductance and constant voltage is carried out and presented for solar photovoltaic (SPV)
system. The performance is evaluated on different meteorological conditions like constant
irradiance and temperature, varying irradiance and constant temperature, constant

irradiance and varying temperature and finally at varying irradiance and temperature.

The simulated results for single phase grid connected PV system clearly shows the

ability of theproposed control schemes to track MPP power fromthe PV module and grid
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synchronization. The MPPT used inthe control tracks the power very fast even under step
change of insolation and the current controllerdelivers the power to the load with the grid
synchronization functions. Single phaseSRF based technique is used which provides
goodcontrol with cost effective solution. While the digital Pl based current controller
provides robust controlling method for the inverters as well as protects the PV system.The
implemented schemes derive the advantage of simplicity and are capable of delivering

undervarying irradiance conditions effectively.

Simulation analysis is presented in this thesis for three phase grid connected
photovoltaic system with a control scheme.The proposed three phase adaptive notch filter
based grid synchronization techniquegives high degree of insensitivity to disturbances,
harmonics and other types of pollutions thatexist in the grid voltage and current signals.
Moreover, the proposed control scheme is capable of decomposing three-phase quantities
intosymmetrical components, observing the change in frequency and providing voltage

regulation andreactive power control.

Practical hardware is implemented using dSPACE. The system is designed for low
power ratings for practical validation of MPPT techniques and control algorithms. The
system has been designed for20 kHz switching frequency due to the restriction from the
optocoupler 6N136 and isolation circuits which are not able to respond at higher
frequencies. The inverter is made of IGBT switches and has the limitation of maximum
frequency up to 20 kHz and hence the switching frequency of the entire converter system

has been limited to the same.

9.3FUTURE SCOPE

In this work the following objectives have been achieved successfully.
e Performance analysis of various MPPT techniques
e Single phase grid connected SPV system with control schemes
e Three phase grid connected SPV system with adaptive notch filter based grid

synchronization technique
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e A lab scale prototype development which consists of PV panel with DC/DC boost

converter and a single phase inverter using dSPACE.

However, the present work can also be extended in future.
e Developed MPPT controller can be utilized for large scale grid connected systems.
e The hardware can be extended for grid connected 1 phase and 3 phase SPV
systems.
e After developing the hardware, power quality analysis of grid connected PV
systems can be carried out.
e Further, the SPV system can also be integrate with a DSTATCOM for complete

reactive power compensation.
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