UNIVERSITY OF KWAZULU-NATAL

SPATIAL MODELING AND DYNAMICS OF A
PHOTOVOLTAIC GENERATOR FOR RENEWABLE
ENERGY APPLICATION

Mashood Mobolaji Bello
B.Eng. (Hons) Electrical

Submitted in fulfillment of the academic requirements for the degree of Master of Science in
Engineering in the School of Electrical, Electronic and Computer Engineering, University of
KwaZulu-Natal, Durban, South Africa

Dr. Innocent Davidson (Supervisor)

April, 2006



I hereby declare that all the material incorporated into this thesis is my own original unaided
work except where specific reference is made by name or in the form of a numbered
reference. The work contained herein has not been submitted for a degree at any othes

University.

Signed: W

M.M. Bello




As the candidate’s Supervisor I have approved this thesis for submission.

_QC;%Q JR- T £ JAvid Sow. /13" Apl R00¢.
_— 7/

Signature: Name: Date:




To GOD.



ACKNOWLEDGMENTS

I am greatly indebted to my thesis advisor, Dr. Innocent E. Davidson for introducing me to the
field of distributed generation and for his guidance and mentoring throughout my time with the
Electric Power Engineering Research Group. Dr. Davidson always gave me time to discuss ideas
and help resolve problems. The strength of this thesis is due to his insight and patience.
Throughout the year, he has been patiently monitoring my progress and guided me in the right
direction and offering encouragement. He has also supported me both morally and financially.
Obviously the progress I had now will be uncertain without his assistance. His emphasis on the
importance of writing technical papers and gaining practical experience as a student will greatly

enhance my skill as a practicing engineer.

I would like to thank all of the other lecturers in the power group for providing such a great
opportunity to the students to learn the field of power engineering in general. I also want to
thank Mrs. Beverly Bennett who has ensured that my Research grants are paid well on time. A
big thank you also goes to Mr. Bruce Harrison, who has promptly provided IT support. My
special appreciation and thanks to my fellow office mates at the Motion Control lab; Messrs Sen
Wang, Benn Lance, James Ireland and Rao Singupuram. They made the time I spent there fun
and memorable. I would like to thank the following list of students for their insight and
friendship: Ogundare Olukoyejo, Ugendrin Govender, Rudy Pillay, Jayesh Pillay, Oludare
Sokoya, Feyi Adeoye, Clement Nyirenda, Mukesh Bisram, Narisha Harilal and Vilemseni
Zikhali, and many other whose names are not listed, as you all contributed to my experience

working in the School of Electrical, Electronic and Computer Engineering.

I am infinitely grateful to my parents for all of their unfailing encouragement, financial support
and love given me over the years. They have been behind me throughout my extended academic
career. All of my successes have been a result of their guidance throughout my life. My sincere
gratitude also goes to my brothers Tunde and Kolawole; my sisters Adenike and Mopelola. They
provided crucial suggestions and critical analysis in the home stretch, when I needed it the most.
I'love you. Thank you! The effort of my niece, Oluwatoyin is also appreciated.

I also wish to thank Oladayo Salami for all of her constant encouragement, love and support,
during my time at UKZN. Finally, and most importantly I wish to thank God for guiding me
through and giving me the strength to write this thesis.



1l
ABSTRACT

Photovoltaic systems alongside energy storage systems are a recognized distributed generation
(DG) technology deployed in stand-alone and grid connected system for urban and rural
applications. DG system ranging in size from a few kilowatts up to 50 MW refers to a variety of
small, modular power-generating technologies connected to the electric grid, and combined with
energy management and storage systems to improve the operation of electricity delivery
systems. DG provides solutions to two long standing problems of power system operation: non-
availability at all times of sufficient power generation to meet peak demands and the lack of
capacity of existing transmission lines to carry all the electricity needed by consumers. Installing
DG at or near a customer load can eliminate the need to upgrade existing
transmission/distribution networks to handle the extra power requirement. Since these
distributed energy systems are inertia-less and possess large time constants (response times),
there are significant interactions between these systems, the power converters and the
distribution networks. This precipitates new dynamics and control limitations, which are
unknown in the conventional electric power distribution networks. To perform effective load
scheduling, high performance control and optimal operation of these energy systems require an
understanding of the dynamic and steady state characteristics of the DG system. This thesis
report presents a mathematical model for a Photovoltaic (PVG) generator system, including the
energy-storage system. Laboratory test results for steady state performance analysis using
various loads are presented and discussed. It concludes with a fundamental economic evaluation

of system.



TABLE OF CONTENTS

Acknowledgements

Abstract

List of Figures
List of Tables
List of Abbreviations

List of Symbols

CHAPTER ONE
INTRODUCTION

1.1
1.2
1.3
1.4

Background
Motivation
Objectives

Literature Review

CHAPTER TWO
PHOTOVOLTAIC SYSTEM: DESIGN METHODOLOGY
AND CONSTRUCTION

2.1

2.2

Methodology

2.1.1 Photovoltaic (PV) Panels
2.1.2 Battery Bank

2.1.3 Wiring Cables and Accessories
2.1.4 Inverter

2.1.5 Varnac

2.1.6 Data Acquisition System
2.1.7 Fuse

2.1.8 Charge Controller
Inverter Design and Testing
2.2.1 Control Circuitry

2.2.2  Snubber Network

2.2.3 Heatsinking

1ii

ii
viii
xi
xii

xiv

—

A W W

14
14
14
15
16
17
17
17
18
18
19
20
21
21



2.2.4 Testing of the Inverter
2.2.5 Inverter Development

CHAPTER THREE
MATHEMATICAL MODELING OF THE PV SYSTEM

3.1  Mean Power Output of PV Model

3.2 Open Circuit Voltage and Short Circuit Current

3.3 System Architecture Flowchart of the PV Generator Test Facility
3.4  Insolation Data

3.5 Discussion

CHAPTER FOUR
SIMULATION OF THE PV SYSTEM
USING MATLAB, DIGITAL VISUAL FORTRAN AND C+
4.1  Development Procedure
4.2  Flowchart
43  MATLAB Model of the PV Generator
431 MATLAB Simulation Results
4.4  Digital Visual Fortran (DVF) Model of the PV Generator
4.4.1 DVF Simulation Results
4.5  C++ Model of the PV Generator
4.5.1 C++ Simulation Results

4.6  Deductions from MATLAB, DVF and C++ models

CHAPTER FIVE

EXPERIMENTAL TESTING OF THE PVG SYSTEM

5.1 Dynamics of the solar panel
5.2 Battery Testing and Specification

5.2.1 Methodology for Sizing a Battery Bank
5.2.2 Battery Discharge Tests

21
27

28

31
33
35
36
36

37
37
38
39
40
41
42
44
44
46

47

48
49

50
51

iv



5.2.2.1 Using a Single Unit of 12Ah battery
5.2.2.2 Using a 10-unit Battery-bank Test in Paralle]

Back-to-Back Topology
5.3  Experimental Testing
5.3.1 Experimental Test Results using a Universal Motor
5.3.2 Experimental Test Results using a 60W light bulb
5.3.2.1 Simulation for a Light Bulb Load using Inverter 1
5.3.3 Experimental Test Results using a 0.32kw Induction Motor
5.4  Discussion on the Different Experimental Tests on Loads Analyzed
5.5  Impedance Matching
5.6  Photovoltaic Maximum Power Point Tracking
5.6.1 Maximum Power Point of a PV with a DC Motor as the Load.
5.6.2 Transferred load characteristics for different values of k. transfer
Ratio
5.6.3 Starting a DC motor using an MPPT
5.6.4 MPPT implied motor start process
CHAPTER SIX
LIFE CYCLE COSTING AND ECONOMIC ANALYSIS
OF THE PV SYSTEM
6.1  Product Life Cycle
6.2  Environmental Effects of Energy Resource Processing
6.3  Load Management Control
6.4  Life Cycle Cost and Economic analysis of the PV System
6.4.1 Costs Analysis
6.5  Cost of Electricity from the PV System
6.6  Comparison of Energy Sources

51

55

57
57
64
65
66
69
70
72
74

77
79
80

81

81
82
83
84

86

87
89



CHAPTER SEVEN

DISCUSSION, CONCLUSION AND RECOMMENDATIONS
7.1 Discussion

7.2 Conclusion

7.3 Recommendations

APPENDIX A
MATLAB M-FILE OF THE MATHEMATICAL MODEL
OF THE PV SYSTEM.

APPENDIX Bl
DIGITAL VISUAL FORTRAN CODES OF THE MATHEMATICAL

MODEL OF THE PV SYSTEM.

APPENDIX B2

C++ CODES OF THE MATHEMATICAL MODEL OF THE PV SYSTEM.

APPENDIX C1
MATLAB M-FILES OF THE BATTERY DISCHARGE TESTS ON

THE PV SYSTEM

APPENDIX C2
MATLAB M-FILES OF THE MODELING OF THE PV SYSTEM

WITH A LOAD.

APPENDIX C3
MATLAB M-FILES OF THE DC AND AC EXCITATION TESTS ON

THE PV SYSTEM

APPENDIX C4
MATLAB M-FILES OF THE OPTIMUM PERFORMANCE TESTS

USING A 0.37KW INDUCTION MOTOR ON THE PV SYSTEM.

92
92
96
98

929

101

103

105

106

109

110

vi



vil

APPENDIX D
RESEARCH PUBLICATIONS 111

REFERENCES 113



viii

LIST OF FIGURES

Figure 1-1: Diagram of Photovoltaic Cell 5
Figure 1-2: Relation between Energy and the Spatial Boundaries 6
Figure 1-3: Diagram of a Cell, Module and An Array 8
Figure 1-4: Hysteresis Loops in a Charge Controller Using Regenerative

Comparator for Voltage Sensing 12
Figure 2-1: Experimental Set-up of the Photovoltaic System 14
Figure 2-2: PV Solar Panels 15
Figure 2-3: Illustrating the Battery arrangement in the Laboratory 16
Figure 2-4: Illustrating the Inverter arrangement in the Laboratory 17
Figure 2-5: Lutron-based Data Acquisition System 17
Figure 2-6: Switch Fuses used for the test facility 18
Figure 2-7: Illustrating the Charge controller used in the Laboratory 19
Figure 2-8: Block Diagram of Inverter 19
Figure 2-9: Inverter Schematic Diagram 20
Figure 2-10: Inverter waveform using MOSFET switches 22

Figure 2-11: Inverter output voltage on resistive load waveform using MOSFET

switches 22
Figure 2-12: Inverter output current on resistive load waveform using MOSFET switches 23
Figure 2-13. Inverter output voltage on inductive load waveform using MOSFET switches 23
Figure 2-14: Inverter output current on inductive load waveform using MOSFET switches 23

Figure 2-15. Inverter output voltage on both resistive and inductive load waveform using

MOSFET switches 24
Figure 2-16. Inverter output current on both resistive and inductive load waveform using

MOSFET switches : 24
Figure 2-17: Inverter waveform using IGBT switches 25

Figure 2-18: Inverter output voltage on resistive load waveform using IGBT switches 25
Figure 2-19: Inverter output current on resistive load waveform using IGBT switches 25
Figure 2-20: Inverter output voltage on inductive load waveform using IGBT switches 26
Figure 2-21: Inverter output current on inductive load waveform using IGBT switches 26
Figure 2-22: Inverter output voltage on both resistive and inductive load waveform

using IGBT switches 26

Figure 2-23: Inverter output current on both resistive and inductive load waveform



Figure 3-1:
Figure 3-2:
Figure 3-3:
Figure 3-4:
Figure 3-5:
Figure 3-6:

Figure 4-1:
Figure 4-2;
Figure 4.3:
Figure 4-4:
Figure 4-5:
Figure 4-6:
Figure 4-7;
Figure 4-8:

Figure 4-9:

Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4;
Figure 5-5:
Figure 5-6:
Figure 5-7:
Figure 5-8:
Figure 5-9:

using IGBT switches
Equivalent Circuit of a Solar Cell Generator
I-V characteristics of the PV Module in sunlight and in the dark
Power Vs Voltage characteristics of the PV Module in sunlight
Typical Current Voltage I-V Curve of a Solar Cell connected to a load
Tlustration of the system architecture of the PV test facility modeled.
Typical hourly average values of consumption and PV Generation
during a summer day.
Pseudocode of the Mathematical Model.
Current-voltage Characteristics of the PV Generator.
P-V characteristics of the PV Generator for five different levels of insolation.
Screen view of the Digital Visual Fortran Program.
P-V characteristics of the PV Generator using Digital Visual Fortran.
P-V characteristics of the PV Generator using Digital Visual Fortran.
Screen view of the C++ Program.
I-V characteristics of the PV Generator using C++.
P-V characteristics of the PV Generator using C++.
PVG System
PVG Monitoring System Layout
PV array connected directly to a Battery Load.
I-V Curve for an ideal battery and a practical / realistic situation.
Discharge curve of a lead acid battery at 10A with capacity of 12Ah.
Power vs. Time for a 10-A load battery discharge on a single 12Ah battery
Voltage vs. Time for a 10-A load battery discharge on a single 12Ah battery
Current vs. Time for a 10-A load battery discharge on a single 12Ah battery
Power vs. Time for a 10-A load battery discharge on 10 Units of 12Ah battery

Figure 5-10: Voltage vs. Time for a 10-A load battery discharge on 10 Units of 12Ah

Battery

Figure 5-11: Current vs. Time for a 10-A load battery discharge on 10 Units of 12Ah

Battery

Figure 5-12: Graph comparing the AC and DC speeds of the PV Generator.
Figure 5-13: Graph comparing the AC and DC Currents of the PV Generator.

Figure 5-14: Graph illustrating the I-V curve of the PV excitation tests on the PV

Generator.

27
28
33
34
34
35

36
38
40
41
42
43
43
44
45
45
47
48
49
49
53
53
54
54

56

56

59

60

61

X



Figure 5-15:

Figure 5-16:

Figure 5-17:
Figure 5-18:
Figure 5-19:
Figure 5-20:
Figure 5-21:
Figure 5-22:
Figure 5-23:
Figure 5-24:

Figure 5-25:
Figure 5-26:
Figure 5-27:
Figure 5-28:

Figure 5-29:
Figure 5-30:
Figure 5-31:
Figure 5-32:

Figure 5-33:
Figure 5-34:

Figure 5-35:
Figure 5-36:

Figure 5-37:

Graph illustrating the Speed-voltage curve of the PV excitation tests on the PV

Generator. 62
Torque-Speed Characteristic of a Universal Motor Powered by the PV
Generator. 63
Current vs. Voltage graph for a 60W Light Bulb Load 64
Power vs. Voltage curve for a 60W Light Bulb Load 65
Simulink Modeling of a Light Bulb Load 66
Circuit diagram of the PV array connected directly to the Induction motor 67
No Load Test Results for the 0.32kW Induction Motor. 68
Induction Motor Input Voltage and Motor Speed at No Load. 68
Induction Motor Input Voltage and Input Power at No Load. 69
Equivalent circuit of a linear network showing the maximum power transfer
theorem. 71
I-V curve of a PV Generator showing the maximum power points. 72
Variation of I-V curves with insolation. 73
Different MPPs for different insolation intensities in the I-V plane. 74
Schematic diagram of a DC Motor (with permanent magnets) connected

to a load 74
Equivalent circuit of a DC motor connected to a load. 75
Equivalent circuit of a PV array connected directly to a DC motor 75
I-V Curve of a DC motor powered by a PV array. 76
Equivalent circuit of a PV array connected directly to a DC motor

controlled with MPPT 76
I-V Curve of a PV array connected directly to a DC motor using k ratio 77
I-V Curve of a PV array connected directly to a DC motor using k ratio for
MPPT calculation 78
I-V Curve of a PV array connected directly to a load under load variation. 78
I-V Curve of a PV array connected directly to a load under varying conditions.
(e.g. insolation, shading, temperature, etc.) 79
Equivalent circuit of a PV array used for starting a DC motor controlled

using MPPT 79

Fig 5-38: I-V Curve of a PV array connected directly to a DC motor controlled with MPPT 80

Figure 7-1: showing the application areas of photovoltaic systems

94



Table 1-1:
Table 2-1:
Table 2-2:
Table 4-1:
Table 5-1:

Table 5-2:
Table 5-3:
Table 5-4:
Table 5-5:
Table 5-6:
Table 6-1:

Table 6-2:

Table 6-3:

Table 6-4:

Table 6-5:

Table 6-6:

LIST OF TABLES

Power Conversion Technologies

Ilustrating the Data Sheet of the PV Array

Design Specification

Parameters for Shell Sm110-24 Solar Panel at STC

Battery Discharge Test for a Single Unit and 10units of 12ah Batteries
respectively.

DC Excitation Tests on the PV Generator

AC Excitation Tests on the PV Generator

Illustrating the PV Excitation test on the PV Generator

Specifications of the Universal Motor Powered by the PV Generator
The Results Obtained for the No Load Test on the Induction Motor
Relative Environmental Effects of a Variety of Renewable Energy
And Non-Renewable Energy Sources

SOC Analysis

Ilustrating the Economic Parameters

Comparison of Life Cycle Costs (LCC) for PV System and Generator
System for a Typical Load

Comparison of the Costs of Electricity Generation Using Different Power

Plants.

Mlustrates a Projected Cost of the Unit Cost of PV Systems in years

to come.

15
19
39

51
58
59
61
63
67

82

84

85

86

89

90

Xi



LIST OF ABBREVIATIONS

American Society of Testing Materials
Annual Cost

Artificial intelligence

Balance of System

Combined cycle gas turbine
Combined Heat and Power
Demand side management
Depth of discharge

Digital Visual Fortran

Direct Current

Distributed Generators
Electricity Supply Industry
ElectroMotiveForce

Fill factor

FORmula TRANSslator

Green House Gas

Initial Cost

Insulated Gate Bipolar Transistors
Internal Combustion Engines
Kilowatt

Lead

Life Cycle Analysis

Life cycle costs

matrix laboratory

Maximum Power Point
Maximum Power Point Tracker
Metal Oxide Semiconductor Field effect Transistors
Minimum Peak Power

Open Circuit Voltage
Operating and maintenance
Peak power

Peak Power Voltage

(ASTM)
(AC)

(AD

(BOS)
(CCGT)
(CHP)
(DSM)
(DOD)
(DVF)
(DC)

(DG)

(ESI)
(EMF)
(FF)
(FORTRAN)
(GHG)
10)
(IGBTs)
(ICE)
(KW)

(Pb)

(LCA)
(LCC)
MATLAB®
(MPP)
(MPPT)
(MOSFETs)
(Pmpp min)
(Voc)
(O&M)
(Pmpp)
(Vmpp)

Xii



Pebble bed Modular Reactor
Photovoltaic

Poly Vinyl Chloride

Present worth

Pulse Width Modulation
Revolutions per minute
Standalone Power Systems
Standard Test Conditions
State of charge

Watts

Year

X111

(PMR)
(PV)
(PVC)
Pw)
(PWM)
(RPM)
(SPS)
(STC)
(SOC)

(yr)



Xiv

LIST OF SYMBOLS

C, Battery capacity

I Photovoltaic current across the junction
R, Cell series resistance

Rgy Shunt resistance

k Boltzman constant

k, Coefficient of the exponential

e Electronic charge

A Completion factor

T Absolute temperature

1, Cell reverse saturation current

1, Diode saturation current

I, Module short circuit current

Ly Module maximum power current

1 Module current

G (Wm?) Irradiance

P Cell output power
1S) Irradiance probability density function
S Total tilt insolation

Sref Reference insolation

a Current change temperature coefficient

at reference insolation

E, Energy band gap

L Thickness of the cell

G(x) Generation rate of charge carriers at a

point x

q Electron charge= 1-602 x 10"°C

J Current density

0 Intensity of light,

N Number of photons

& Photon energy

h Planck’s constant = 6-625 x 10™'Js

c

Velocity of light 2-99 x 10° m/s



N@®)
a(A)

R

CO;,
CH,

XV

Number of incident photons
Average absorption coefficient
=4-5x 10”cm™

Reflection coefficient =
0-313(average)

Angular frequency

Efficiency

Switching frequency
Period

Angular frequency
Sulphur oxide
Nitrogen Oxide
Carbon dioxide

Methane



CHAPTER ONE

INTRODUCTION

1.1 Background

The generation of electricity, historically in the regulated environment, was driven by the
economies of scale, using generating plants as large as possible to reduce the cost per unit of
output. In the past 20 years, several driving forces such as deregulation, have contributed to
the reversal of this trend and stimulated interest in decentralized power generation.
Technological advances, such as the combined cycle gas turbine (CCGT), have made
possible the efficient production of electricity on a much smaller scale at marginal generation
costs lower than those of the traditional large power plants. Utility industry restructuring has
brought increased competition. Costs and reliability concerns associated with large power
plants have made them even less appealing. Furthermore, increased customer awareness and
new societal trends toward “green” generating technologies, have promoted an interest in

cleaner, sustainable generators that may be safely installed in the distribution system [1].

The distributed generators are defined as small, modular electric energy generators or storage
systems located relatively close to the customer. Distributed generators (DG) span a variety
of operating technologies and sizes, ranging from several kW to hundreds of MW [1].
Distributed resources include DGs, pumped storage schemes, electricity storage technologies
like superconducting coils and chemical storage systems. Distributed generation includes
conventional technologies, such as electromechanical energy converters, powered by natural
gas or diesel fuel, or from renewable technologies, such as solar photovoltaic cells. They
may be interconnected with a grid, or opberate in “stand alone” mode. Conventional DG
technologies, dependent on the fuel supply, include industrial gas turbines, gas-fired
reciprocating turbines (also called internal combustion engines), micro turbines, and fuel

cells [1].

Over the past two decades, declines in the costs of small-scale electricity generation,
increases in the reliability needs of many customers, and the partial deregulation of
electricity markets have made distributed generation more attractive to businesses and
households as a supplement to utility-supplied electric power. Distributed generation, the

small-scale production of electricity at or near customers' homes and businesses, has the



potential to improve the reliability of the power supply, reduce the cost of electricity, and
lower emissions of air pollutants. DG provides improved reactive power and system voltage
control and also reduces system losses [2]. The high prices of electricity in sub-Saharan
Africa and problems associated with emissions from older power plants have stimulated
interest in alternatives to traditional electric utility-supplied electricity hence distributed
generation is expected to provide significant benefits and alternatives in a number of these

areas.

Renewable DG technologies include photovoltaic (PV) generators, wind generators,
biomass, ocean waves, tidal flows and small hydro turbines. The operating principles for all
these technologies have been known for quite some time, but only recent technology
breakthroughs have made them interesting as conventional energy generators. They may
allow renewable generators to be used more effectively, while also reducing the spinning
reserve requirements or effectively creating avoided capacity in the bulk power market,
which may be useful when the prices are high [1].

The internal combustion engine is the workhorse of the electric power industry and smaller
installations maybe used for DG. They are readily available in a wide range of sizes, with
proven reliability and competitive price to performance ratio. However, as they are fueled
by natural gas or diesel, they face increased environmental concerns when placed in the

distribution system. Table 1-1(3, 4, 5] shows examples of power conversion technologies.

Table 1-1: Power Conversion Technologies.
Item Description

Coal fired steam plant

Oil fired steam plant

Combined cycle gas turbine (CCGT)
Micro combined heat and power
Hydropower

Micro hydro

Hydro pumped storage

Tidal power

Conventional nuclear (AGR and PWR)

e S U e

10. Pebble bed Modular Reactor (PMR)

11. Onshore and Offshore wind

12. Land-fill gases

13. Municipal incineration

14. Biomass (waste organic matter)

15. Diesel (Standby engine driven generator sets)
16. Photovoltaic

17. Electrochemical storage

18. Hydrogen Fusion




1.2 Motivation

Across the world, in sub-Saharan Africa and in South Africa, the demand of electricity for
commercial, industrial and domestic loads in rural, semi-urban and urban areas has grown
tremendously over the years. These loads and settlements require more efficient load control
and energy management techniques to minimize energy costs. With the global trend of
liberalization of the electricity supply industry (ESI), new approaches to electricity delivery
and demand side management (DSM) need to be investigated to satisfy customer demand for
localized control of energy services (for domestic purposes e.g. heating, cooling, drying,

etc.) in an efficient and environmentally friendly manner.

Electric power can be generated from a number of primary resources, such as solar, wind,
nuclear and water (hydro). These energy resources are able to supply the electricity needs of
homes, communities reliably when accessed and designed correctly. Renewable technologies
offer a free and clean source of long-term power. Demand for the use of renewable
technologies is increasing as costs decrease, system efficiency increase and environmental
impacts are brought into consideration [5]. However, one of the suggested energy systems
for such communities in South Africa is the photovoltaic generator energy system (PV). The
purpose of this research investigation is to carry out a performance analysis of the PV system
and to determine its dynamics under different steady state operating (load) conditions. A
detailed mathematical model of the system was carried out using different analytical tools
(MATLAB, Digital Visual Fortran and C++). The simulation results were compared to

practical measurements and the results are presented and discussed.

1.3 Objectives

The objectives of this research investigation are the following;
e Modeling of a micro PV-Generating System and load,
e Mathematical Modeling a single- machine and load system,
e Steady state performance analysis,
e Time and Spatial Modeling of PV Generator,
¢ Determination of reduced order models that are adequate for system control studies
and steady-state scheduling,

e Economic evaluation of the system.



1.4 Literature Review

A number of authors have discussed various aspects of the steady-state performance of PV
systems. Bernhard Michael Jatzeck [6] examined the application of the Luus-Jaakola direct
search method to the optimization of stand-alone hybrid energy systems consisting of wind
turbine generators, photovoltaic (W) modules, batteries and an auxiliary generator. The loads
for these systems were for agricultural applications, with the optimization conducted on the
basis of minimum capital, operating, and maintenance costs. Rajesh Karki [7] presented an
evaluation model for small isolated systems containing renewable energy sources. Leonard
G. Leslie, Jr [8] proposed a control method for a system that provides approximately 1.0kW
of solar generation as well as up to 10kVA of harmonic and reactive compensation
simultaneously. Magnus Gustafsson and Niclas Krantz, [9] gave a physical approach to the
problem of voltage instability and collapse using a PV model. Joseph N. Wolete [10]
developed an interactive menu driven design tool that addresses the technical and economic
aspects of a stand-alone photovoltaic system. David C. Cherus, [11] worked on the
modeling, simulation and performance analysis of a hybrid power system to supply
equipment onboard an omnibus. The concept of a high-efficiency hybrid energy system
consisting of a photovoltaic and a battery is not new but the dynamics of such a system have

not been thoroughly studied.

A localized PV-generator scheme for localized load management and connected in hybrid
notation for a standalone system is proposed and presented as a viable solution to some
domestic and commercial load services requirements. It also compliments the present
centralized network-wide area load control approach and is proven to be cost-effective. It

further serves as a stand-by power supply in the event of major utility outages.

The PV system is a hybrid generator which uses batteries to store energy harnessed from the
sun using the photovoltaic sub-system, producing an unsteady dc power. The battery serves
as an energy storage device and processing unit to provide a standard residential ac voltage
for such loads through an inverter unit. Photovoltaic is the technology that generates direct
current (DC) electrical power measured in watts (W) or kilowatts (kW) from semiconductors
when they are illuminated by photons. As long as light is shining on the solar cell, it
generates electrical power. When the light stops, electricity generation stops [12]. The

process is illustrated in figure 1-1.
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Figure 1-1: Diagram of Photovoltaic Cell [12].

Solar cells are made of semiconductors, which have weakly bonded electrons occupying a
band of energy called the valence band. A semiconductor may be described as silicon
combined with phosphorous to make negative type silicon and boron to make positive type
silicon, which can be combined to produce an electric field. A typical silicon PV cell is
composed of a thin wafer consisting of an ultra-thin layer of phosphorus-doped (N-type)
silicon on top of a thicker layer of boron-doped (P-type) silicon. An electrical field is created
near the top surface of the cell where these two materials are in contact, called the P-N
junction. When energy exceeding a certain threshold, called the band gap energy, is applied
to a valence electron, the bonds are broken and the electron is somewhat “free” to move
around in a new energy band called the conduction band where it can “conduct” electricity
through the material. Thus, the free electrons in the conduction band are separated from the
valence band by the band gap (measured in units of electron volts or €V) [13]. This energy
needed to free the electron can be supplied by photons, which are particles of light. Figure 1-
2 shows the idealized relation between energy (vertical axis) and the spatial boundaries

(horizontal axis).
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Figure 1-2: Relation Between Energy and the Spatial Boundaries [13].

When the solar cell is exposed to sunlight, photons strike at valence electrons, breaking the
bonds and propelling them to the conduction band. There, a specially made selective contact
that collects conduction-band electrons drives such electrons to the external circuit [14, 15].
The potential at which the electrons are delivered to the external world is slightly less than
the threshold energy that excited the electrons; that is, the band gap. Thus, in a material with
a 1.0 eV band gap, electrons excited by a 2.0 eV photon or by a 3.0 eV photon will both have
a potential slightly less than 1.0 V (i.e. the electrons are delivered with an energy of 1.0 eV)
[16].

PV systems can be classified into two general categories: flat-plate systems or concentrator
systems [16]. Connected cells are encapsulated between a transparent window and a
reflective backing which is moisture proof to insulate the cells and protect them from the
weather and accidental damage. Fixing holes or clamps are provided for securing the module
to a supporting structure. The string of cells is connected to a terminal box for wiring the
module to a load or to other modules. Commonly, the module consists of 33 to 36 cells and

the module edges are sealed against moisture ingress and protected by a metal frame [17,
18].

Photovoltaic devices can be made from various types of semiconductor materials, deposited
or arranged in various structures, to produce optimal performance solar cells. There are three

main types of materials used for solar cells. The first type is silicon, which can be used in



various forms, including single-crystalline, multi-crystalline, and amorphous. The second
type is polycrystalline thin films, with different grades of copper indium diselenide (CIS),
cadmium telluride (CdTe), and thin-film silicon. [19]. The third type of material is single-
crystalline thin-film, focusing essentially on cells made with gallium arsenide [20]. These
materials are then arranged to make solar devices in different ways. The four basic structures
include homojunction, heterojunction, p-i-n and n-i-p, and multijjunction devices.
Multijunctional cells represents attempts to broaden the limited band of solar wavelengths
that can be absorbed and converted photovoltaically in a single p-n-junction [21]. Single
crystal silicon is one material used but is not the only material in photovoltaic (PV) cells.
Polycrystalline silicon is also used in an attempt to minimize manufacturing costs.
Unfortunately, the resulting cells are not as efficient as single crystal silicon cells.
Amorphous silicon, which has no crystalline structure, is also used, again in an attempt to
reduce production costs. Other materials used include gallium arsenide, copper indium
diselenide and cadmium telluride. Since different materials have different band gaps, which
define the amount of energy that can be absorbed by a single cell, they seem to be "tuned" to
different wavelengths, or photons of different energies. A method by which efficiency has
been improved in PV arrays has been to use two or more layers of different materials with
different band gaps. The higher band gap material is on the surface, absorbing high-energy
photons while allowing lower-energy photons to be absorbed by the lower band gap material
beneath. This technique can result in much higher efficiencies and can have more than one

electric field [12].

A PV system comprises of the following components, namely: PV arrays, storage batteries,
charge controller, inverter, safety disconnects and fuses, a grounding circuit, wiring and a

utility switch.

Photovoltaic Solar Panels

A photovoltaic (PV) or solar cell is the basic building block of a PV (or solar electric)
system. Single PV cells (also known as “solar cells”) are connected electrically to form PV
modules, which are the building blocks of PV systems [22]. The basic photovoltaic or solar
cell typically produces only a small amount of power. To produce more power, cells can be
interconnected to form modules, which can in turn be connected to form PV arrays of
different sizes and power output. This is illustrated in Fig 1-3. The size of an array depends
on several factors, such as the needs of the consumer, the amount of sunlight available in a

particular location, space constraints and cost to mention a few.
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Figure 1-3: Diagram of a Cell, Module and an Array [12].

Fuses and Cables

'_ The PV system can be wired with weather proof cable, resistant to degradation from ultra-
v-iolet radiation and wide variation in temperature. The cable should be ‘robust’ in terms of
the voltage and current handling capability. The cable should be rated adequately to
continuously carry the expected peak (short-circuit) currenfti@uses are generally used to
protect electrical appliances from passing short circuit current in the event of a malfunction
and are sized to allow a reasonable margin above the expected peak current. A PV
cell/module is designed to operate from open circuit to short circuit and its peak power is
delivered at approximately 90% of its short circuit current. A PV system cannot provide
more than its short circuit current and most of the time delivers much less than this.
Although a fuse is not required to directly protect the module, whole strings or the whole
array usually have fuses installed to protect them from abnormal operation. In addition,
separate fuses are used for each of the other components of the PV system. In particular,

batteries, because of their very low internal resistance can cause very high short circuit
currents [18]:;’

Batteries

Since photovoltaic are intermittent power sources, they cannot meet the load demand all
times, 24hrs a day, 365 days a year. The energy storage therefore, is a desired feature to
incorporate with renewable power systems, particularly in stand alone systems. Considering
the cost and performance requirements a balance is made between the average generating

capacity of the PV, the battery storage capacity and the average load demand. It can



significantly improve the load availability, a key requirement for any power system. The
battery stores energy in the electrochemical form, and is the most widely used device for
energy storage in a variety of applications. It has one-way conversion efficiency of 85 to

90% [23, 24].

Stand-alone PV systems require energy storage to compensate for periods without or with
insufficient solar irradiation, such as during the night or during cloudy weather. In all cases
in which electric energy storage is required, the classical electrochemical accumulator
battery is the most convenient form of energy storage for a PV system. The DC (direct
current) characteristic allows for direct connection between the PV generator and the battery,
without a need for any conversion or transformation of the supplied PV. Energy provides

three main functions in PV systems namely;

Autonomy: The system can meet the load at all times even at night or overcast

periods

Surge Current: The system can supply short term surges in current higher than the

array output current to start industrial loads e.g. motors and heavy equipment

Leveling voltage: System can provide a constant voltage by eliminating wide

swings in array voltage [25].

The two most common types of rechargeable batteries in use are lead-acid and alkaline. Lead
acid batteries have plates made of lead (Pb.) mixed with other materials, and submerged in a
sulfuric acid solution. Alkaline batteries are either nickel-cadmium or nickel-iron batteries.
They have plates made of nickel submerged in a solution of potassium hydroxidg\ After a
discharge, it can be recharged by injecting direct current from external source. Thg type of
battery converts the chemical energy to electrical energy in the discharge mode. In the
charge mode, it converts the electrical energy to chemical energy. In both cases, a small
amount of energy is converted into heat, which is dissipated around the surrounding medium.
Although a variety of storage technologies are under development, the lead-acid battery
remains the prime energy resource for electricity supplies in remote areas. fLead-acid
batteries are the most common in PV systems because their initial cost is lower arlid because
they are readily available nearly everywhere in the world. There are many different sizes and
designs of lead-acid batteries, but the most important designation is whether they are deep

cycle batteries or shallow cycle batteries. \J
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Shallow cycle batteries, like the type used as starting batteries in automobiles, are designed
to supply a large amount of current for a short time and stand mild overcharge without losing
electrolyte. Unfortunately, they cannot tolerate being deeply discharged. If they are
repeatedly discharged more than 20 percent, their lifespan will be grossly reduced. These
batteries are not a suitable choice for a PV system [16]. Deep cycle batteries are designed to
be repeatedly discharged by as much as 80 percent of their capacity so they are a good
choice for power systems. Even though they are designed to withstand deep cycling, these
batteries will have a longer life if the cycles are shallower. All lead-acid batteries will fail
prematurely if they are not recharged completely after each cycle. Allowing a lead-acid
battery stay in a discharged condition for many days at a time will cause sulfation of the
positive plate and a permanent loss of capacity.

Sealed deep-cycle lead-acid batteries are maintenance free. They never need watering or an
equalization charge. They cannot freeze or spill, so they can be mounted in any position.
Sealed batteries require very accurate regulation to prevent overcharge and over discharge.
Either of these conditions will drastically shorten their lives. Sealed batteries are

recommended for remote, unattended power systems [25, 26].

The lead acid battery uses a combination of lead plates or grids and an electrolyte consisting

of a dilute sulfuric acid to convert electrical energy into chemical energy and vice versa.

Anode: Sponge metallic lead
Pb + SO,* —> PbSO, + 2¢

Cathode. Lead dioxide (PbO,)
PbO, + SO,* + 4H" + 2¢ —> PbSO, + 2H,0

The water formed in this process and the loss of sulfate ions causes the density of the

electrolyte to decrease. Therefore the value of this density can be used to measure the state of

charge of the battery.

Electrolyte: Dilute mixture of aqueous sulfuric acid
Applications:  Motive power in cars, trucks, forklifts, construction equipment, recreational

water craft, standby/backup systems
Advantages

o Low cost

* Ability to provide wide current range
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e Long life cycles

o  Ability to withstand a harsh environment

e The performance is good in low and high temperatures and in high-drain
applications

e It has a high degree of recycling potential at relatively low temperatures

e Maintenance free batteries

e Comprisable good shelf life

Disadvantages

e For voltages above 2.39V per cell the battery’s water breaks down into hydrogen
and oxygen (called gassing voltage). This requires replacement of the cell’s water

e When battery is in use, hydrogen and oxygen are released from the cells. A very
high concentration of this mixture can cause an explosion.

e Fumes from the acid or hydroxide solution may have a corrosive effect on the area
surrounding the battery.

e The electrolyte of lead-acid batteries is hazardous to you health and may produce

burns and other permanent damage if handled carelessly.

Inverter

A semiconductor-based device known as a power inverter is used to convert the DC power to
AC power. Some loads (such as induction motors) may have significantly high starting
currents. It is therefore important to provide adequate surge current capacity in the inverters,
to meet load surge requirements. Other loads either overheat or introduce unwanted noise if

the harmonic distortion of their power supply is not below specific level [27].

Charge Controller

" The charge controller regulates the flow of electricity from the PV modules to the battery
and the load. The controller keeps the battery fully charged without overcharging it. When
the load is drawing power, the controller allows charge to flow from the modules into the
battery, the load, or both. When the controller senses that the battery is fully charged, it stops
the flow of charge from the modules. Many controllers will also sense when loads have
taken too much electricity from batteries and will stop the flow until sufficient charge is

restored to the batteries. This can greatly extend the battery’s lifespan [28].

The fundamental task of a charge controller is to operate the battery within the safe limits

defined with respect to overcharging and deep discharging by the battery manufacturer or by
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the operation mode. Compared to conventional battery chargers powered by the public grid,
the situation is much more complex in PV systems. Here, charging power and energy are
limited and depend on the varying insolation and load demand [13]. The charge controller
must shutdown the load when the battery reaches a prescribed state of discharge and must
shut down the PV array when the battery is fully charged [27]. The main reasons for this

interest are reduced operating cost and increased system efficiency [29].

On On
Batteties
PV . .
Charging Ay d.tstzhf:ing '
Battenes
Vr
Off+ Off Vr
Vm Vg Vg Vam

Figure 1-4: Hysteresis Loops in a Charge Controller using Regenerative Comparator for
Voltage Sensing [27].

In a stand alone system, to prolong battery life, over-charge and over-discharge of the battery
should be avoided. Battery state of charge (SOC) can be roughly determined by measuring
the terminal voltage to determine the battery’s condition. In the case of over-charge, the rise
in voltage is used to control the charging by shunt regulation or by series regulation. With
over-discharge, the drop in voltage is used to disconnect loads from the battery using a low

voltage disconnect circuit [18].

Factors Affecting Output
Some factors affecting the output of a typical PV are;
= Standard Test Conditions: Solar modules produce dc electricity. The dc output of
solar modules is rated by manufacturers under Standard Test Conditions (STC).
These conditions are casily recreated in a factory, and allow for consistent
comparisons of products, but need to be modified to estimate output under common
outdoor operating conditions. STC conditions are:

Solar cell temperature = 25°C;

Solar irradiance (intensity) = 1000 W/m? (often referred to as peak sunlight intensity)
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Solar spectrum as filtered by passing through 1.5 thickness of atmosphere (ASTM
Standard Spectrum [25]).

Temperature: Module output power reduces as module temperature increases.
When operating on a roof, a solar module will heat up substantially, reaching inner
temperatures of 50-75°C.

Dirt and Dust: Dirt and dust can accumulate on the solar module surface, blocking
some of the sunlight and reducing output.

Mismatch and Wiring Losses: The maximum power output of the total PV array is
always less than the sum of the maximum output of the individual modules. This
difference is a result of slight inconsistencies in performance from one module to the
next and is called module mismatch and amounts to at least a 2% loss in system
power. Power is also lost to resistance in the system wiring. These losses should be
kept to a minimum but it is difficult to keep these losses below 3% for the system. A
reasonable reduction factor for these losses is 95% or 0.95.

DC to AC conversion losses: The dc power generated by the solar module must be
converted into common household ac power using an inverter. Some power is lost in
the conversion process, and there are additional losses in the wires from the rooftop

array down to the inverter and out to the house panel [30].
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CHAPTER TWO

PHOTOVOLTAIC SYSTEM:
DESIGN METHODOLOGY AND CONSTRUCTION

2.1 Methodology

The general assembly of the PV System test facility is shown in figure 2-1. It comprises of
the following components: a 550W solar panel, a 30A, 24V charge controller, a variac,
battery banks, isolation switches, a 3.0KW, 24V DC/220V, 50Hz, AC inverter and test loads

(Universal motor, light bulbs, fractional horse power induction motors)

INSTRUMENTATION
PV ARRAY ENCLOSURE
BATTERY I
IGH CAPACITY RS 332 CABLE TO A
STORAGE BATTERY | |REMO TE COMPUTER
[CHARGE CONTROLLER]
’lm_VEEER
=,
| | VARIAC  LOAD
, FQWF |
-] \E O +

R B e I T

Figure 2-1: Experimental Set-up of the Photovoltaic System.

A description of the function and technical specification of each of these components and

sub systems is discussed.

2.1.1 Photovoltaic (PV) Panels

Figure 2-2 shows the Photovoltaic system consisting of six panels which was mounted on the
roof of the School of Electrical, Electronic and Computer Engineering Building at the
University of KwaZulu-Natal, Howard College Campus. These panels utilize sunlight to
produce DC electricity.
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Figure 2-2: PV Solar Panels
The PV panels utilized for this experiment consists of five Shell SM 110-24 110W panels
solar panels [31]. The smallest solar panel seen in the picture was not connected due to some
broken compartments. These panels consist of mono-crystalline silicon solar cells which
convert sunlight energy to electrical energy. The solar array has the following Standard Test
Conditions (STC): irradiance level 1000W/m?, spectrum AM 1.5 and cell temperature 25 °C

specification data.

Table 2-1: Illustrating the data sheet of the PV array

Rated Power Pr 110W

Peak power Pmpp 110W
Peak Power Voltage Vmpp i5v
Open Circuit Voltage Voc 43.5V

Minimum Peak Power Pmpp min | 104.5W

Tolerance on Peak Power +/-5%

These panels have been arranged in a flexible support structure, for maximum insolation,

ease of mobility for experimentation and dismantling for on-site deployment.

2.1.2 Battery Bank

A total of ten, 12V, 102Ah batteries (connected back to back in pairs) were connected in
parallel, with their output terminals connected in series to give 24V DC supply as shown in
figure 2-3. The DC bus is directly connected to the inverter. A battery bank is used for
storing the electric energy produced by the PV cells. The battery bank then delivers power to
the load whenever the PV output from the solar panel falls below the threshold voltage due
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to poor or zero insolation. Furthermore, when a load needs more current such as during

motor starting, the battery bank supplies sufficient current during that time.

Figure 2-3: Illustrating the battery arrangement in the laboratory

The configuration of the battery bank depends on the loading applications. Each load can
require a certain amount of power and thus a specified power capacity will then be needed

from the battery bank.

2.1.3 Wiring Cables and Accessories
4mm?” single core PVC cables (a red and a black) were used for all the wiring connections,
linking the PV panels to the auxiliary systems in the laboratory. The accessories include

cable lugs, racks, glands, plugs and masking tapes.

2.1.4 Inverter
A 3.0kW, 24VDC / 220VAC inverter was used for conducting AC load tests. It converts
direct current to alternative current in the circuit setup. The inverter is supplied dc current

from the charge controller depending on the load and converts direct current to alternative

current.
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Figure 2-4: Illustrating the inverter arrangement in the laboratory

2.1.5 Variac
A variac (range 0 — 250V) was used to provide variable voltage output from the inverter to
the load. Thus the variac acts like a step-down transformer that can give a wide range of

output voltage from the input on the inverter.

2.1.6 Data Acquisition System

A data acquisition system was implemented to capture solar insolation data from the PV test
facility. The data points were taken every five minutes from 1% February 2005 to 12°
December 2005 and stored using Lutron 801 software as shown in figure 2-5. It is capable of
visually displaying all readings both on the multimeter and on the Personal Computer (PC).

It records and stores all the data acquired in real-time.

Figure 2-5: Lutron-based Data Acquisition System
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The data acquisition system consists of an ISO-TECH IDM 203 digital multimeter; a lutron
DM 9093 multimeter along with a 232serial cable was connected to a computer system to
record all the readings of the PV and to store all test results. The computer system used was

an Hewlett Packard, Intel(R) Pentium(R) 1.5GHz, 512MB of RAM, 80Gb hard drive.

2.1.7 Fuse
A 30A, 500V, Gewiss, GW 70434 switch fuse was also used. This was meant to isolate the

circuit from over-current. Hence it was used to prevent fault currents in the system.

Figure 2-6: Switch Fuses used for the test facility

2.1.8 Charge Controller

A 30A, 24V Isoler charge controller, was used to control the charge state of the battery bank
from the PV Generator. The charge controller is also used to provide an output of 24VDC to
the inverter to effectively manage the power from the PV cells and the Battery bank so that
they can work efficiently and provide the required load current. It also serves as a meter to
measure the voltage on the battery bank, such that when the battery bank is discharged below
a threshold, it can then charge the battery bank.

During faults in the system, the charge controller can be used to detect the faults and thus
cuts the power from being distributed to that specific fault using its Al (artificial
intelligence) capabilities. During the day when there is enough sunlight the charge controller
switches the batteries off from being discharged but recharges them instead. During the night
the charge controller can detect the insufficient supply from the PV cells and thus use the

battery bank to supply power to the load.
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Figure 2-7: Illustrating the Charge controller used in the laboratory

2.2 Inverter Design and Testing

Preliminary laboratory design of the inverter unit was carried out

The design of the inverter was carried out using a full bridge circuit topology using
MOSFETs switches and a 50 Hz transformer. The circuit has the robustness to provide the
required output power, but problems relating to the correct firing of the MOSFETs were
experienced, the conclusion was to experiment with other topologies namely the push pull
configuration.

Table 2-2: Design Specifications

Parameter Design Specifications

Output Power 1.5 kW

Output Voltage | 220 V ac, 50 Hz, suitable for domestic applications. Semi sine wave

oufput.
Input Source 12 V dc battery (Fed from PV System)
Safety System to be used domestically, thus provide ease of use to non-

technical individuals.

Tnput
Oufput
I T
— 220V AC Qutput

Tnverter

Figure 2-8: Block Diagram of Inverter



20

The design of the push-pull configuration relies on the use of a centre-tapped transformer. In
this case the transformer is a 50Hz type. The circuit configuration shown in figure 2-9 is that
of the push-pull inverter circuit. The inverter is a voltage source inverter with the source in
this case being the 12V battery fed from the PV system. Power is fed directly to the centre of
the transformer through a fuse. This voltage is then switched through the transformer via the
MOSFET switches thus producing the desired alternating current at the output. The choice of
the switches (MOSFET/IGBT) was determined from the maximum current on full load, as
well as the voltage at the input of the inverter. It can be seen that there are fuses at each of
the drains of the MOSFETs. This was used to prevent over-current of the switching devices.
The transient voltage spikes at the output are reduced via an R-C snubber across the drain
and source of the devices. It must be stated that the switches in the network are controlled

via a PWM (pulse width modulation) circuit.

2.2.1 Control Circuitry

The purpose of the circuit was to produce the desired output frequency of 50Hz, while
maintaining an output voltage of 12V, enough to properly turn on the MOSFETs. The circuit
uses a PWM generator chip from Motorola. During the design of the circuit, problems were
encountered regarding the amplitude of the output signals. This problem was solved using an

inverter chip as well as a MOSFET driver.
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Figure 2-9: Inverter Schematic Diagram



21

2.2.2 Snubber Network

The snubber network was needed to compensate for the drastic voltage spikes at each
transition of the output signal. The voltage spikes were reduced to a respectable level on the
addition of the snubber network. The calculation of the R and C values were achieved using

the turn off, turn on and voltage and current ratings of the MOSFETs.

2.2.3 Heatsinking

The heat sink is an important aspect of the inverter as it protects and aids the switching
device on higher loads, thus it ultimately increases the lifespan of the device. The heat-sink
was designed using the values obtained from the data sheet of the MOSFET, as well as heat-
sink manufacturer’s handbooks. The final heat-sink implemented was that of an extrusion

type aluminum heat-sink, this dissipated heat efficiently [32-37].

2.2.4 Testing of the Inverter
Three low-power inverter topologies were utilized. The first two inverters were designed and
constructed for different topologies and tested using MOSFET, while the third inverter was

designed and constructed using IGBT switches. The specifications of the first two inverters

were:

Power Output: 1.5kW

Input dc voltage: 24V and

Output ac voltage: 220V.
Operating Output frequency: 50Hz

The first inverter was built using two MOSFET switches for single-phase application with a
centre-tapped transformer. After testing this inverter with several loads, the performance was
not satisfactory because the output voltage of the inverter was far less than 220V,
necessitating replacement with a better inverter topology. Hence a four MOSFET switched
inverter was considered. The second inverter consisted of four MOSFET switches for single-
phase but without a centre-tapped transformer [38]. However on implementation, the output
voltage was still very small. In the MOSFET switched inverter, the output voltages shown in
figures below are in the range of 250 V for an input voltage of 13.5V.
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Figure 2-10: Inverter waveform using MOSFET switches

The MOSFET configuration diagram is shown in figure 2-10. The inverter was tested with a
100W light bulb, a universal motor (see specification in table 5-2), and both a light bulb and
a universal motor combined.

The load voltage remained close to theoretical expectations for the resistive case, while the
waveform changed significantly during inductive loading. The output voltage and current
waveform for each type of load are shown in figures 2-10 to 2-16. The current waveform
shows a semi-sine wave output for the resistive load, while the other two cases shows a
domination in inductive characteristics as would be expected of inductive loads. The light
bulb was light for a long time throughout testing, with no visible signs of inadequate supply.
The motor on the other hand did not perform to optimal levels. The speed of the motor was
very small. However, when resistive and inductive loads were combined and tested using the
inverter, the results of the output voltage was 129V. This is still far lesser than the

anticipated value of 220V.

Figure 2-11: Inverter output voltage on resistive load waveform using MOSFET switches
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Figure 2-14: Inverter output current on inductive load waveform using MOSFET switches
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Figure 2-15. Inverter output voltage on both resistive and inductive load waveform using

MOSFET switches

Figure 2-16. Inverter output current on both resistive and inductive load waveform using

MOSFET switches

Nevertheless, these two topologies did not meet the voltage requirements of 220V of the test
facility so they were replaced by an IGBT switched inverter. The specifications of the IGBT
inverter used include an output single phase power of 1.5kilowatts, input source of 48 volts
DC and output was 220volts. The frequency was maintained at 50Hz and fuses were used for

the over current protection devices.

The IGBT switched inverter was also tested with a 100W light bulb, a universal motors (see
specifications in table 5-2), and both a light bulb and a universal motor together. The load
voltage remained close to theoretical expectations for the resistive case, while the waveform
changed rather drastically during inductive loading. The waveform of the output voltage is

shown in figure 2-17.



25

Figure 2-17: Inverter waveform using IGBT switches

The voltage and current waveforms for each of the test loads are shown in figures 2-18 to 2-

23.

Figure 2-19: Inverter output current on resistive load waveform using IGBT switches
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Figure 2-22: Inverter output voltage on both resistive and inductive load waveform using

IGBT switches
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Figure 2-23: Inverter output current on both resistive and inductive load waveform using

IGBT switches

2.2.5 Inverter Development

In the process of testing, three temporary setbacks occurred, namely: (i.) a malfunctioning of
the regulator, and (ii.) loss of two MOSFET switches, which at this stage was attributed to
switching surges. (iii.) the four switch inverter topology gave poor results with the upper two
firing switches giving far less than the desired secondary voltage [38].

To mitigate the third problem temporarily, the centre-tapped transformer topology was
adopted, while the regulator was replaced. The secondary voltage of the third inverter was
still far less than 220V, hence a 3.0kW commercial inverter was procured for the PV test

facility
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CHAPTER THREE

MATHEMATICAL MODELING OF THE PV SYSTEM

The PV generator is a semiconductor device that converts the solar insolation directly to
electrical energy [39]. The PV generator is a nonlinear device with an electrical cell of low-
level voltage and power; therefore the cells are connected in series and parallel combinations
in order to form an array of desired voltage and current rating [40]. Figure 3-1 shows the
commonly used equivalent circuit of a PV cell [41]. It is made up of a current source in
parallel with a p-n junction diode. The shunt resistance Rgy is introduced in the equivalent
circuit to absorb the leakage around the edge of the cell, while the series resistance R, takes
account of the contact resistance between the metallic contacts, semiconductors and the
resistance of the semiconductor material of the solar cell [42-45]. The output of the current
source is directly proportional to the amount of light rays incident on the cell. The diode

determines the I-V characteristics of the cell.

Light
Input I
P-LAYER R —
& & /V\/N il_
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v 4 Vs S Rsu v
N-LAYER o
Figure 3-1: Equivalent Circuit of a Solar Cell Generator
The single solar cell model is given by the equation [41]:
Vo= Ry, -1 -1,[e" 1]} 3.1)

where
I is the current through the load,

I, is the photovoltaic current across the junction,
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R; is cell series resistance,
Ry is the shunt resistance,

k is Boltzman constant.

k, = e/AkT is the coefficient of the exponential, where e is the electronic charge, 4 18

completion factor, T is absolute temperature and I, is cell reverse saturation current.

However, solving for I in equation (3.1) gives;
. 14
I=1,-1, A R’l)—l]}—R— (3.2)
SH

where
I, is the light generated current, and

1, is the diode saturation current.

The term (-V/Rgy) is considered to be very small and may be neglected.

Equation (3.2) becomes;

=1, 1—cl[e[czy”w]—1} (33)

7 (3.4)

e [()- e[ -Gl

Vo is module open circuit voltage, ¥y, is module maximum power voltage, I, is module

short circuit current, I,,,, is module maximum power current and I is the module current
[46,47].

In order to have a coherent agreement between the calculated and actual characteristics of

the solar cell at higher intensities, equation (3.3) can be solved to form;

I:KG—{ZK“VM”KS} (3.6)
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Expressing the constants in terms of the three characteristic cell points, results in equation

(3.7) below.
r=1.9-¢ (e )-1} (3.7

The constants are defined in equations 3.8,3. 9, 3.10 and 3.11.

m =
[ln(% H
VOC
c,=¢Cc,/(v,. ) (3.9)
(r.G+c)-1,)
=] sc mpp
C, n{ 1 ] (3.10)
1+ C,
Ci=1In < (3.11)

3
The constant C; has a value of 0.01175. This value would give the least number of errors
over the different ranges of illumination and temperatures. When 0.01175 is substituted for

C;, the other constants are reduced as shown in equations 3.12, 3.13, 3.14 and 3.15[41].

CS

D a6
m= (3.12)

ln mpp

VDC

4.46
C, = (A3 (3.13)
o 1011751, -1,

’ 0.011751, (3.14)
Ce=4.46 (3.15)

The photo-current I, (A) is directly proportional to irradiance G (Wm?). When the cell is
short-circuited, negligible current flows in the diode. When the cell is not illuminated, the

relationship between the cell’s terminal voltage and current is linear. When the cell is open
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circuited and illuminated, the photo-current flows entirely in the diode. The I-V curve is

offset from the origin by the photo generated current 7, [[48].
3.1 Mean Power Output of PV Model

The power output of the PV module, P(S) is the product of the module output voltage and
output current. Information on temperature, reference irradiance, maximum power point
voltage and current are supplied in the manufacturer’s data sheet [31]. The output power of a
solar cell is dc power which can be expressed in terms of the cell current I and cell terminal

voltage Vas:
Pee=V.I (3.16)

Recall from equation (3.3) that the cell current may be expressed in terms of solar cell

parameters as:

[1(V+IR,-]
I=1, —I{E AT —1}1 (3.17)

Where k,V,. =AKTVe, ks, = I,, and I, = I,,. Then the equivalent circuit output current J of
the module is [51].

Z{:::::]_l}

I = ]sc - I.\'CKZ

(3.18)

Referring to equation (3.18) the cell output power P can be written as:

V+iRs
P=1V=V4{1—K;[f"* - —1]} (.19)

The mean power output from the PV module is calculated using the integral expression [46]
[53];

B neay= IP(S)-f(S)dS (3.20)

Where £(S) is irradiance probability density function
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I-= a[i]r +[{i} - 1}1,‘ (3.21)
S, Sy

Where S is the total tilt insolation, S, is reference insolation, T is cell temperature in °C, o is
the current change temperature coefficient at reference insolation.

The minimum value of I is approximately [46]:

E,

I,=15*10 *gF (3.22)

where E, is the energy band gap.
For the semi conductor, £, is given by = 1.1eV = 1.76 * 10,
According to [46], Ip is the function of temperature only which is Ip = f; (7). The light

generated current /,, may be expressed as I, = A * J. the current density is given by:
J=qjG (x)dx (3.23)
Where L is the thickness of the cell, G(x) is the generation rate of charge carriers at a point x,

and g = 1.602 x 107°C is the electron charge.

The generation term is a function of wavelength given by the expression [46]:
G(A) = [1- RN (A)e™D? (3:24)

The solar insolation, ¢ which is the intensity of light, corresponding to the solar cell is

expressed in terms of number of photons /N and its energy & is given as [46].
— Nk
p=N*S (3.25)

where 6 =h*V aa v=c/A. (3.26, 3.27)

Thus,
P=N*I*(c/ %) (3.28)
h is Planck’s constant = 6.625 x 107" J-s,
¢ is the velocity of light 2.99 x 10° m/s.
N (4) is the number of incident photons with energies greater than the band gap, and
a () =4.5x%x 10"cm™ is the average absorption coefficient, and

R (4) = 0.313(average) is the reflection coefficient [46].



33

3.2 Open Circuit Voltage and Short Circuit Current
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Figure 3-2: I-V characteristics of the PV module in sunlight and in the dark [49].

The electrical characteristic is generally represented by the current versus voltage (I-V)
curve. Figure 3-2 shows the I-V characteristic of a PV module under two conditions, in
sunlight and in the dark. In the first quadrant, i.e. region A of the I-V curve at zero voltage is

called the short circuit current. This is the current that is measured with the output terminals
shorted (zero voltage), that is, [g. =1,,. It is produced under short circuit condition:

V=0

In region B of the curve at zero current is called the open circuit voltage. This is the voltage
that is measured with the output terminals open (zero current). It corresponds to the voltage
drop across the diode (p-n junction) when it is traversed by the photo current. It reflects the
voltage of the cell in the night.

In region C, the cell works like a constant current source, generating voltage to match the
load resistance. In region D, the current drops rapidly with a small rise in voltage. In this
region, the cell works like a constant voltage source with an internal resistance. In between
regions C and D, the curve has a knee point. If a voltage is externally applied in the reverse

direction, (e.g. during a system fault transient), the current remains flat and the power is
absorbed by the cell.
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In the dark, the current is zero for voltage up to the breakdown voltage which is the same as
in the illumination condition. The power output of the panel is the product of the voltage and

the current outputs as illustrated in figure 3-3.

P Prax

\

*V
Vmax

Figure 3-3: Power Vs Voltage characteristics of the PV module in sunlight [49]

It should be noted that the cell produces no power at zero voltage or zero current, and
produces the maximum power at voltage corresponding to the knee point of the I-V curve.
Hence, PV power circuits are designed such that the modules operate closed to the knee
point, slightly on the left hand side. The PV modules are modeled approximately as a

constant current source in the electrical analysis of the system [49].

0 Voo V V

ax o

Figure 3-4: Typical Current Voltage I-V Curve of a Solar Cell connected to a load [49].
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The operating point is determined from the intersection of the I-V characteristic of the solar
cell with the load I-V characteristic; this holds true only if the cells terminals are connected
to a variable resistance R. If the load R is relatively small, the cell operates in the region M-
N of the curve. In this region the cell behaves very similarly to a current source with a
current value nearly equal to the short circuit current. However if the load R, is large, the cell
operates in the P-S region of the curve. In this region of the curve, it is apparent that the cell
would behave more like a constant voltage source, and the voltage value would be nearly

equal to the open circuit voltage.

3.3 System Architecture Flowchart of the PV Generator Test Facility

The system architecture used in the laboratory is simplified using a flow chart. This is

illustrated in Figure 3-5.

Initialize the
PV with value Insolation level

L 2

Compute iteration
algorithm Load data

A

Charge Controller

Yes Is battery
v fully charged?
Storage battery
A Continue charging
Start discharging
battery

Is insolation
still present?

Inverter

| Connect to switch

‘AC Load

Figure 3-5: Illustration of the system architecture of the PV test facility modeled.
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34 Insolation Data

The insolation data used was from the PV test facility mounted on the roof of the School of
Electrical, Electronic and Computer Engineering, University of KwaZulu Natal, Durban. The
data points were taken every five minutes from 1% February 2005 to 12" December 2005 and
stored using Lutron 801 software. The curves used in these simulations were for the best day
in October 2005, based on cumulative insolation. Usually, insolation data is presumed to
follow a daily sinusoidal curve from dawn to dusk, with the peak value set to the value
calculated for that day of the year. This averaged data removes the rapid peaks and troughs
caused by passing clouds. The daily average power per time of a typical summertime

situation of the PV is presented in the Figure 3-6.
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Figure 3-6: Typical hourly average values of consumption and PV generation during a

summer day.

3.5  Discussion
From of the literature review, a mathematical model of the PV system was developed. The

simulation was implemented using three techniques namely MATLAB, DVF and C++. The

results were compared with practical measurements.



37

CHAPTER FOUR

SIMULATION OF THE PV SYSTEM

USING MATLAB, DIGITAL VISUAL FORTRAN AND C++

Software codes were developed for each of the mathematical analysis used. The pseudocode

for developing the software codes are illustrated in section 4.1

4.1 Development Procedure

Step 1

Step 2
Step 3

Step 4
Step 5
Step 6
Step 7
Step 8
Step 9

Step 10

Step 11
Step 12

Function v (j) must be programmed as a function subprogram, to make the
program as general as possible.

Enter initial values of all the constants to solve the equations

Break long equations down into smaller forms so that computation can be
easy and understandable

Compute the values of transformation constants and multiplying constants
Set an array for the values of the voltage and set iteration value from 0 to 50
Write out and proceed to compute the value of the current.

Iterate many values of current I, from the array declared using Voltage V,
since there are two unknowns in the equation.

Check if convergence condition, i.e., voltage value is greater than 50, is
satisfied. If it is so, end program.

If convergence solution is not satisfied, go back and compute the next
current value and corresponding power value

Repeat procedure from step 5 on. Stop if the number of iterations is more
than 50.

Write out current and power values.

Plot graphs of current —Voltage and power ~Voltage.
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Flowchart

4

| Initialize. define all input values
¥

Define constants, variables

v

Read all real numbers, integers, array
numbers, and all functions e.g.
exponentials, log, powers etc.

v

kl =0.01175,

vmpp = 35.0 i.e. voltage at maximum power point,
voc = 43.5 i.e. open circuit voltage

impp = 3.14 i.e. current at maximum power point
isc =3.45 i.e. short circuit current

v
Compute kd=log ((1+k1)/k1)

v

Compute K3=(log((isc*(1+k1)-impp)/(k1*isc)) )
v

Compute m=(log(k3/k4) /log(vmpp/voc) )
v

Compute K2=( (k4/(voc."m)) )
v
Compute
1(v)= (isc. *(1-(c3.*(exp((c4.*(v."m))-1)))) ) and
P(v)=i(v)*v

v

No

Initialize V as an
Array. [s V > 50?

Write out the values of I and
corresponding values of P.

v

Plot I-V and P-V
Curves

Figure 4-1: Pseudocode of the Mathematical Model.
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4.3 MATLAB Model of the PV Generator

MATLAB® (matrix laboratory) is a high-performance language for technical computing. It
integrates computation, visualization, and programming in an easy-to-use environment
where problems and solutions are expressed in familiar mathematical notation [50].
MATLAB was used because it has always been known as a good software for Modeling,
Analysis Tools (Existing, Custom), data Acquisition, Multi-platform, Multi Format data
importing, Statistics and graphing [51, 52].

Equations 3.1 to 3.19 in chapter three were used in MATLAB to model a 550W, Shell
SM110-24 solar panels. Module manufacturers normally provide I, Voo , Vingp ; lmpp » and
I-V characteristic parameters at Standard Test Conditions ( STC ) of AM 1.5, irradiance
1000W/m? and 25°C. Table 4-1 shows at STC for the 110W Shell SM110-24 solar panel

used. Data are obtained from the module datasheet [31].

Table 4-1; Parameters for Shell SM110-24 Solar Panel at STC

PARAMETER VALUE
Maximum Power Rating, Ppp, 110W
Minimum Power Rating , P, 104.5W
Current at MPP | I, 3.142A
Voltage at MPP , Vi 35V
Short Circuit Current, I 3.45A
Open Circuit Voltage , V. 5V
Short circuit current temperature coefficient , dget 1.4mA/ °C
Open circuit voltage temperature coefficient , Bocr -152mV/ °C
NOCT ( Normal Operating Cell Temperature )
Insolation , G=800W/m?2 , Ta= 20°, wind velocity = 1m/s

The model parameters are evaluated during execution using the mathematical modeling
equations contained in the script. The current I is then evaluated using these parameters, and
the variables namely voltage and electric power. If one of the input variables is a vector, the
output variable (current) is also a vector. The inclusion of a series resistance in the model
makes the solution for current a recurrent equation (refer to equations 3.1-3.24 in chapter
three). A simple iterative technique converged for all currents values. A listing of the

MATLAB script which was used to implement the equations is shown in Appendix A.
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4.3.1 MATLAB Simulation Results

The output of the MATLAB function is shown for various irradiation levels using different
current values Figures. 4.2 and 4.3. A number of discrete data points are shown on the curves
in figures 4.2 and 4.3. These are points taken directly from the manufacturer’s published
curves, and shows excellent correspondence to the model. The I-V characteristic from the

model is shown in figure 4.2.
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e e T e
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Voltage[V]

Figure 4-2: Current-voltage Characteristics of the PV Generator.

Figure 4.3 shows the power-voltage relationship of the solar panel. The power curves are
obtained from the product of the I-V curves as shown in figure 4.2. The maximum power
obtained for an insolation of 100% can be seen from the figure to be very close to 110W.

This validates the maximum power value ( Py, ) as stated on the solar panel data sheet.
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Figure 4.3: P-V characteristics of the PV Generator for five different levels of insolation.

4.4  Digital Visual Fortran (DVF) Model of the PV Generator

Digital Visual Fortran (DVF) was developed basically for science and engineering
applications. Historically, the Engineering community has used FORTRAN to communicate
algorithms in scientific literature and to build mathematical and statistical software[53].
FORTRAN remains strongly supported for writing and optimally compiling numerical
algorithms. The programme provides an interface between high performance data parallel

computing model and other models such as message passing and scalar models for single

logical threads of control [54].

The program codes developed and used for the mathematical model of the PV system is
shown in Appendix Bl. Figure 4-4 shows the screen view of the Visual Digital Fortran

programme which was used to analyze the mathematical model of the PV generator system
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*.. 27102005 - Compaq ¥isual Fortran - [22102005.190 %]
B pe Edt View Insert Project Budd Jook Window el _ =181 x]
A GEHP M Qv - DEY Gewonens R IE™

TR RN B

11This Progxam is used for simulating the mathematical model of a
| |\Photovaltaic(PY) generator. It derives the current and voltage and Pover and
|1Voltage equations and gets all the values needed.

PROGRAM matheasticalmodel
IMPLICIT NONE
i1 the constants and variables are defined in this section.

REAL o1 k2.k3.kd,.mn. k3temp, k3kitenp, vapptenp |derived constants
Integer B Jiteration integer

14 4] b===1 ASSIGNMENT OF CONSTANTS

REAL, parameter 1okl = (.01175 ! Convarsion constant

REAL, paraneter :: vapp = 35.0 | voltage at maximum power point

REAL  parameter ;o voc = 43.5 | open circuit voltage

REAL . paran=texr (o impp = 3.14 | current at maximum pover point

REAL, paraneter ;ooisc = 3.45 | short circuit current

|1]!declare array valus for voltage, current and power

integer, paramaster ;: max = 50 | Maximum voltage value in array

integer, dimension (0:max) v } Declare volisge an array

real, dimension (0:max) .. vtemp.r.x.i.p _J

-

FEE - 2
fﬁ Configuration: 27102005 — Vin3Z Debug -
4 —

27102005 exe - 0 error(s), 0 varning(s) .:
| [AT¥ N\ Buita [ Debug \ FindinFias1 ) FedinFies] ¢ | o[

Figure 4-4: Screen view of the Digital Visual Fortran Program.

44.1 DVF Simulation Results

The simulation results are shown in figures 4-5 and 4-6. The I-V and P-V curves follow the
same trends as seen using MATLAB graph output. This written code in FORTRAN was
used to validate the mathematical modeling of the PV using MATLAB. The shapes of the I-

V and P-V curves are exactly the same as those obtained when MATLAB was used for the

modeling.



35 i

Current[l]

05r 4

0 5 10 % 20 26 31 3B 40 45 AD
Voltage[V]

Figure 4-5: P-V characteristics of the PV Generator using Digital Visual Fortran.
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Figure 4-6: P-V characteristics of the PV Generator using Digital Visual Fortran.
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4.5 C++ Model of the PV Generator

The C++ programming language is used to create a wide variety of modern computer
programs. Program analysis can assist in improving human understanding of code,
generating specifications and improving software quality and security. Hence, it is one of the
programming languages used for communications data systems, simulation and modeling
[55]. The C++ codes used for the mathematical modeling are shown in appendix B2. Figure
4-7 shows the screen view of the C++ programme to solve the mathematical model of the PV

generator system

- —— .

C “Blaildﬂ 6 - ceompilercA [Running]lﬂuﬂl 1 4'1 'cm]
gawmmaom&m;mmnamImmwml Ia“.

D S -H O B3 © 59| Adsonal] Wink2| Svem| DataAccess | Dais Contios | d:ExumiDa(aSnao] soe 41>
BFc 0 r-N 5 N OFRAMBeR @ Slg
& ccompilercd.cpp _
cuumﬂacdqm] L I
// This p:ogram runs abe szmulaczon of the mathematical model of a by A
// Generator using C++.
// This section dafines att the constants as complex vectors
// the complex vectors in the tranaformation and mulliplying factors.

+ Ant main{int arge, chaxr* argv(])
{

double Ki: // transformation factor

double K2,R3,K4,m: // multiplying factor

double Vmpp,Voc: // the voltage at maximum point and open circuit voltage
double Impp,Isc: // the curreant at meximum point and open circuit current

// Assign values to the constants as provided in the manufacturers data shaat
K1l = 0.01175:;

Vmpp = 35;

Voo = 43.5;

Impp = 3.14;

Isc = 3.45;

§ &N e w

// Equations

. K4 = log({1 + K1)/K1):

. FANECC® Tha Walus nf K4 = MerRaccand) - M

lInsert | \Code /

Modiied

Figure 4-7: Screen view of the C++ Program.

4.5.1 C++ Simulation Results

Similarly, results from the software code written in C++ were compared and also used to
validate the mathematical modeling of the PV using MATLAB and DVF. The C++
simulation results are shown in figures 4-8 and Figure 4-9. The I-V and P-V curves follow

the same trends as seen using MATLAB and Visual Digital Fortran graphical output.
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Figure 4-8: I-V characteristics of the PV Generator using C++.
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Figure 4-9: P-V characteristics of the PV Generator using C++.
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4.6 Deductions from MATLAB, DVF and C++ models

An accurate PV module, electrical model is presented and demonstrated in MATLAB, DVF
and C++ for a typical 550W solar panel. Given solar insolation and temperature, the models
returns a current vector for a given voltage vector.

This model is used to compare the mathematical analysis of the PV under test conditions
with the manufacturer’s specification. It validates the mathematical model from the graphs of
the [-V and P-V under different conditions of insolation and temperature. The MATLAB,
DVF and C++ models also shows that there 1s a sufficient accuracy in the manipulation of
the I-V Curves because with different current values, the curves still followed a similar trend
(shape). Hence, it is capable of predicting the array performance under specified array
operating conditions e.g. temperature and illumination levels. It can be concluded that the
MATLAB, DVF and C++ models can be used to verify the Shell SM 110-24 array [31]
specifications because all the simulation results using these software tools are similar with no

deviations from the results obtained.
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EXPERIMENTAL TESTING OF THE PVG SYSTEM

Figure 5-1 shows the assembly of the PVG system, with AC and DC loads being fed

concurrently.

Photovoltaic
Array

Regulator

Coup

ConveXer

A

High Capacity
Storage
Batteries

\ 4

Controller

|

Figure 5-1: PVG System

Disaggregate
Load

Although the testing of individual units and components of the PVG system were very

successful providing good results as reported in chapter two, the testing of the complete

PVG system was challenging, which is not unusual for typical systems. To further

reinforce the existing system, two major steps have been taken, first, to implement a

robust monitoring system proposed in Figure 5-2, and procurement of six more high-

energy storage battery units, to increase the power capacity of the system.
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Figure 5-2: PVG Monitoring System Layout [38]

5.1  Dynamics of the solar panel

The dynamic performance analysis of the PV was carried out when directly coupled to
different types of load and loading level. The first load type is a battery load. The graph in
Figure 5-4 shows the behaviour of an ideal battery situation and a realistic battery
performance. During the daytime, solar panel voltage is greater than the load voltage and in
the night, the load voltage is greater than the solar panel voltage. The diode is added to the

system to prevent the battery from discharging.
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Figure 5-3: PV array connected directly to a battery load.

Ideal battery Realistic

battery

1A |

Izc

Vou V2 e VIV

Figure 5-4: I-V Curve for an ideal battery and a practical / realistic situation.
5.2  Battery Testing and Specification

The capacity of the battery is a measure of how much energy can be extracted from the

battery. It is often quoted in terms of amp-hours (Ah).
To supply SA for 10hrs from a battery for example, it requires a capacity of: 5 x 10 = S0Ah.

The capacity of a battery depends on how quickly/slowly it is discharged or charged. It is

generally measured in Ampere-hours and is denoted by C, . This is defined as follows. If a

battery has a capacity of x Ah atthe C, rate, then it will supply a constant current of (x/ n)

amps for rhours before being classed as flat, or fully discharged. The flat or fully
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discharged condition is generally taken as being when the battery voltage falls to a value

between 1.75 to 1.85 volts per cell [56].

For example, a battery has a C,,, rating of 366 Ah and a C,, rating of 240 Ah, as given on

manufacturer's specification sheets. This means that the battery will supply (366/ 1 00) amps
or 3.66 amps for 100 hours before it is flat (in this case, before it reaches a voltage of 1.85

volts per cell). It will also supply (240/ 10) amps or 24 amps for 10 hours before reaching

the same low voltage cut-off point. This is clear evidence that the faster the battery is

discharged, the lower the capacity that is available from the battery.

It should be noted that the data supplied by manufacturers is generally for ambient
temperatures of 25°C. In practice, batteries will experience quite a range of temperatures,
and the capacity varies with temperature. As a general rule the battery capacity will decrease
as the temperature decreases. The effect of very low temperatures is more severe for higher

rates of discharge.

5.2.1 Methodology for Sizing a Battery Bank
For our renewable energy application, sizing of the energy-storage unit is essential to the

overall performance of the system. A battery bank consists of a string of batteries in series to
obtain the required system voltage and a number of strings in parallel (if required), to obtain
the required battery capacity. The actual capacity of a battery bank required depends on the
number of days of the load required to be met from the bank, the depth of discharge to which
the battery is allowed to fall, and the efficiency of any power conversion equipment between
the battery and the load [56].

nx P,

Dop X11pc

E =

c

(5.1)

where E_ is the required battery capacity (kWh), P, is the daily load or average daily load
supplied by the system in kWh, D, is the maximum allowed depth of discharge for the

battery, nis the period (or number of days the load is supplied), and e 1s the efficiency of

any power conditioning equipment between the battery and the load.

The battery capacity in Ah is then calculated by dividing the battery capacity in kWh by the
system voltage. This will be Ah required from all the strings of different batteries in parallel.

It is then necessary to select a particular battery and by looking at the battery specification,
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then a battery can be chosen as well as the number of strings needed. The general rule would
be to select the largest viable battery size so as to reduce the number of strings in parallel.
Ideally one string of batteries would provide the least number of battery connections and the
least number of batteries to check during routine maintenance. In addition, different strings
in parallel configurations can lead to additional problems because of slight differences in the
characteristics of the batteries in each string, In assessing Ah rating, it is important to use
values representative of the discharge condition that will be met in the specific application

[57].

5.2.2 Battery Discharge Tests
5.2.2.1 Using a Single Unit of 12Ah battery
Discharge tests were performed on a single unit of 12Ah battery. The discharge time was

measured by discharging the batteries through a resistive load as shown in table 5-1.

Table 5-1: Battery discharge test for a single unit and 10units of 12 Ah batteries respectively

Battery Discharge tests
Single unit of 12Ah Batte 10 units of 12Ah Batteries
Voltage | Current | Power | Voltage | Current | Power
TimeMin) | Vi(V) | I(A) | B(W) | VV) | I(A) | PAW)
0 12.23 10 122.28 12.23 10 122.3
5 12.21 10 122.1 12.22 10 122.2
10 12.19 10 121.87 12.22 10 122.2
15 12.16 10 121.6 12.22 10 122.2
20 12.15 10 121.47 12.21 10 122.1
25 12.13 9.91 120.21 12.21 9.91 121.0
30 12.12 9.91 120.09 12.21 9.91 121.0
35 12.10 9.91 119.91 12.2 9.91 120.9
40 12.08 9.81 118.54 12.2 9.81 119.7
45 12.06 9.81 118.31 12.2 9.81 119.7
50 12.04 9.81 118.11 12.2 9.81 119.7
55 12.02 9.81 117.92 12.19 9.81 119.6
60 12.01 9.76 117.24 12.19 9.76 119.0
65 12.00 9.76 117.12 12.19 9.76 119.0
70 11.98 9.76 116.92 12.19 9.76 119.0
75 11.96 9.71 116.13 12.19 9.71 1184
80 11.95 9.71 116.05 12.18 9.71 118.3
85 11.94 9.71 115.94 12.18 9.71 118.3
90 11.92 9.61 114.56 12.18 9.61 117.1
95 11.90 9.61 114.36 12.18 9.61 117.0
100 11.89 9.61 114.28 12.18 9.61 117.1
105 11.88 9.61 114.17 12.18 9.61 117.0
110 11.87 9.61 114.11 12.18 9.61 117.1
115 11.86 9.61 113.97 12.18 9.61 117.0
120 11.85 9.61 113.90 12.17 9.61 117.0




125 11.84 9.56 113.19 12.17 9.56 116.3
130 11.83 9.56 113.08 12.17 9.56 116.4
135 11.82 9.56 113.00 12.17 9.56 116.3
140 11.80 9.51 112.24 12.17 9.51 115.7
145 11.79 9.51 112.12 12.17 9.51 115.7
150 11.78 9.51 112.06 12.17 9.51 115.7
155 11.77 9.51 111.93 12.17 9.51 115.7
160 11.76 9.51 111.86 12.17 9.51 115.7
165 11.74 9.51 111.65 12.17 9.51 115.7
170 11.73 9.51 111.56 12.17 9.51 115.7
175 11.72 9.51 111.46 12.17 9.51 115.7
180 11.71 9.51 111.40 12.17 9.51 115.7
185 11.69 9.51 111.17 12.16 9.51 115.6
190 11.68 9.51 111.13 12.16 9.51 115.7
195 11.67 9.51 110.98 12.16 9.51 115.6
200 11.66 9.51 110.88 12.16 9.51 115.7
205 11.65 9.51 110.79 12.16 9.51 115.6
210 11.64 9.51 110.67 12.16 9.51 115.7
215 11.62 9.41 109.34 12.16 9.41 114.4
220 11.60 941 109.20 12.16 941 114.4
225 11.59 9.41 109.06 12.16 9.41 114.4
230 11.58 9.41 108.94 12.16 941 114.4
235 11.56 9.41 108.78 12.16 9.41 114.4
240 11.55 9.41 108.70 12.16 9.41 114.4
245 11.53 9.41 108.50 12.16 9.41 114.4
250 11.52 9.31 107.24 12.16 9.31 113.2
255 11.50 9.31 107.07 12.16 9.31 113.2
260 11.48 9.31 106.88 12.16 9.31 113.2
265 11.46 9.31 106.69 12.16 9.31 113.2
270 11.45 9.31 106.59 12.16 9.31 113.2
275 11.44 9.31 106.51 12.16 9.31 113.2
280 11.42 9.31 106.29 12.16 9.31 113.2
285 11.40 9.31 106.13 12.16 9.31 113.2
290 11.38 9.31 106.00 12.16 931 113.2
295 11.36 9.31 105.76 12.16 9.31 113.2
300 11.34 9.11 103.28 12.16 9.11 110.8
305 11.32 9.11 103.13 12.15 9.11 110.7
310 11.30 9.01 101.80 12.15 9.01 109.5
315 11.27 9.01 101.54 12.15 9.01 109.5
320 11.25 9.01 101.41 12.15 9.01 109.5
325 11.22 9.01 101.09 12.15 9.01 109.5
330 11.20 9.01 100.94 12.15 9.01 109.5
335 11.17 9.01 100.64 12.15 9.01 109.5
340 11.13 9.01 100.25 12.15 9.01 109.5
345 11.11 9.01 100.10 12.15 9.01 109.5
350 11.08 9.01 99.80 12.15 9.01 109.5
355 11.04 9.01 99.47 12.15 9.01 109.5
360 11.01 9.01 99.25 12.15 9.01 109.5

A discharge curve was plotted for the single battery.
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Figure 5-5: Discharge curve of a lead acid battery at 10A with capacity of 12Ah.

It can be seen that for most of the discharge curves the voltage is relatively constant, but

when the battery is almost discharged, the voltage collapses suddenly. The reverse occurs

during charging. For most of the charging process the battery voltage is relatively constant

and then when it is getting close to being charged the voltage suddenly rises. If the charging

rate is high, the battery may not be fully charged when the voltage rise occurs and so a

reduction in the charging current will see more charge added to the battery.

The power/time, current / time, and voltage / time characteristic was measured and plotted.

Figures 5-6, 5-7 and 5-8, show the power, voltage and current discharge durations

respectively.
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Figure 5-6: Power vs. Time for a 10-A load battery discharge on a single 12Ah battery
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Figure 5-7: Voltage vs. Time for a 10-A load battery discharge on a single 12Ah battery

[Note: The MATLAB m-file used in plotting the graphs is shown in Appendix C1.]

10

| 1 |
BB -ty e LR e -
i : :
o 1 L
E gBl----ceeo-bmmgacaaaaaa R P 4
< : : :
= : ! :
=R~ - | SR R T N e .
= 1 ]
Q 1 1
= 13 R R R §
: : A
g | 1 1
0 100 200 300 400

time- min

Figure 5-8: Current vs. Time for a 10-A load battery discharge on a single 12Ah battery

It can be observed from Figures 5-6 to 5-8, the discharge time for the battery was 360
minutes. The output voltage from the battery was 12V but declined gradually until it got to
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11V. The resistive load that was used for the discharge had a load of 0.75 ohms. It was
observed that the battery discharged as the voltage reduces. The time of discharge was much
about 360 minutes before the voltage level reduced to 10-15% of its threshold value. This
shows that for the battery to perform better in electric power applications, the slower the rate

of voltage drop with discharge time, the better.

In order to have a better understanding of the performance of the battery as an alternative
source when the PV system is not generating power, more batteries were added to the test

facility.

5.2.2.2 Using a 10-unit Battery-bank Test in Parallel Back-to-Back Topology

Discharge tests were performed on 10 units of 12Ah battery. The discharge time was
measured by discharging the batteries through a resistive load, and the power/time, current /
time, and voltage / time characteristic were measured and plotted. Figures 5-9, 5-10 and 5-

11, show the power, voltage and current discharge durations respectively.

It was however observed that the discharge time for the battery was in the order of 360
minutes. The output voltage from the battery was also 12V. The voltage was maintained at
12V because all the 10units of batteries were connected in parallel. The resistive load that
was used for the discharge had a load of 75 ohms. It was observed that the battery discharge
rates had almost constant resistance values, but the load currents were very high. The load
current was 10A but the voltage was constant at 12.16V for a very long time allowing more

load to be added to the system before the battery discharged.
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Figure 5-9: Power vs. Time for a 10-A load battery discharge on 10 Units of 12Ah battery
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Figure 5-10: Voltage vs. Time for a 10-A load battery discharge on 10 Units of 12Ah battery
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Figure 5-11: Current vs. Time for a 10-A load battery discharge on 10 Units of 12Ah battery

The relationships from these two measurements lead to two critical observations. The first
was the discharge rate and duration for each batteries compared to the combined units. The
second observation was the voltage drop on connection to load in both tests. Based on the
statutory requirements for voltage drop 6%, and the anticipated load to be served by the PV

Generator system, an appropriate sizing and specification for the battery units was concluded
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since small aggregate loads are intended for the study model in the test facility. It also
showed that all the battery units should be connected in parallel configurations so that the

voltage in the system can be kept constant while operating at high current.

5.3  Experimental Testing
Analytical work on the PV system model with load was carried out to establish useful
relationships which will influence the control of disaggregate loads. The system is tested to

assess the overall optimum performance of the existing system.

5.3.1 Experimental Test Results using a Universal Motor

Since many household and commercial loads extensively use single-phase motors, a model
of the PV system coupled to a universal motor was analyzed and tested.

The universal motor presents a special case for a small-series motor that can be driven by
either an AC or DC current source. The universal motor is a rotating electric machine similar
to a DC motor but designed to operate either from direct current or single-phase alternating
current. The stator and rotor windings of the motor are connected in series through the rotor
commutator [58]. A 132W, 220V universal motor was used for modeling. (see specification

in table 5-4)

Three tests were carried out in the laboratory to analyze the performance of the universal
motor supplied by three different sources, which are DC supply source, AC supply source
and PV supply source. The results were tabulated and the graphs were analyzed.

The PV system was used drive a universal motor with a DC source. An inverter was
connected to the PV system in order to get 220V. A variac was used to increase the voltage

values. The results obtained are shown in table 5-2.
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Table 5-2: DC excitation tests on the PV Generator.

DC EXCITATION TEST
Voltage(V) | Current(]) | speed(rpm) | speed(rad/s)
20 0.14 365 38.23
30 0.17 1650 172.81
40 0.18 2615 273.88
50 0.19 3645 381.75
60 0.21 4535 474.97
70 0.23 5504 576.45
80 0.25 5815 609.02
90 0.27 6005 628.92
100 0.29 6634 694.80
110 031 7056 739.00
120 0.315 8290 868.24
130 0.315 8874 929.40
140 0.32 9610 1006.49
150 0.33 10319 1080.74
160 0.34 10885 1140.02
170 0.35 11351 1188.83
180 0.37 11873 1243.50
190 0.38 12354 1293.88
200 0.41 12785 1339.02
210 0.42 13321 1395.15
220 0.43 13781 1443.33

The PV system was used drive a universal motor with an AC source. An inverter was also
connected to the PV system in order to get 220V. A variac was used to increase the voltage
values to measure the corresponding speed and current at different voltage values. The

results obtained are shown in table 5-3.
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Table 5-3: AC Excitation Tests on the PV Generator.

AC EXCITATION TEST

Voltage(V) | Current (I) | Speed, n(rpm) | Speed, n(rad/s)
50 0.175 979 102.53
60 0.200 2065 216.27
70 0.230 3310 346.67
80 0.245 3495 366.04
90 0.255 4350 455.59
100 0.258 4780 500.63
110 0.290 5316 556.76
120 0.315 5841 611.75
130 0.335 6490 679.72
140 0.355 6860 718.47
150 0.370 7850 822.16
160 0.395 8250 864.05
170 0.420 8465 886.57
180 0.430 9680 1013.82
190 0.435 10540 1103.89
200 0.440 10850 1136.36
210 0.465 11365 1190.29
220 0.485 11946 1251.14

Both the AC and DC excitation tests were plotted together to compare the performance of

the PV system when connected directly to an AC and a DC source in terms of speed and

current. Tables 5-3 and 5-4 were plotted in MATLAB (See Appendix C3 for m.file for the

graphs) and the AC and DC Speeds were plotted on the same graph for comparison.
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Figure 5-12: Graph comparing the AC and DC speeds of the PV Generator.
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The curve above represents the AC and DC speeds of a Universal Motor coupled to an AC
and a DC source respectively. The different range of voltages and currents were recorded
and plotted. As seen from Figure 5-24, the speed obtained near rated voltage was 12000rpm
for the ac source while the dc source had a slightly higher value of almost 14000rpm. This is
quite similar to the universal motor rated speed of between 13000 — 15000rpm. The graph
above shows that at nearly rated voltage, a speed of 12000rpm and almost 14000rpm were
achieved for both the DC and AC sources. From the theory of the universal motor, it is clear
that there is a relationship between the speed and the voltage in the universal motor; as the
voltage increases, the speed also increases. However, if all the other factors in the equation
are kept constant, there exists a direct relationship between the speed and voltage, but since

these factors can not be assumed constant, the curve obtained is not a linear one.
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Figure 5-13:  Graph comparing the AC and DC Currents of the PV Generator.

The graph above shows the AC and DC currents plotted against the voltage of a universal
motor. As can be seen, at close to rated voltage, the currents drawn were very close to the
actual rated speed. The values of currents drawn and recorded were between 0.4A and 0.5A,
and the actual rated current of the machine was 0.6A. Due to the fact that there were some
losses in the system, the performance of the motor was affected. Thus the rated current was
not drawn during tests, and this is normally expected since machines will very rarely operate

to its absolute maximum ratings. With an increase in voltage, the universal motor was seen



61

and expected to draw more current up till the rated voltage. An increase in current, proved by

simple motor theory; shows that the speed will generally increase.
PV Excitation Tests were performed on the universal motor. The starting voltage was 80V
and the corresponding speed of the universal motor was measured. The results obtained are

shown in table 5-4.

Table 5-4: Ilustrating the PV excitation test on the PV Generator.

PV Excitation Tests
voltage (V) | current (A) | Speed(rpm) Speed(rad/sec)
80 0.29 6425 67291
75 0.25 6001 628.50
70 0.23 5646 591.32
65 0.23 5135 537.81
60 0.225 4420 462.92
55 0.22 4020 421.03
50 0.21 3640 381.23
45 0.2 3220 337.24
40 0.19 2878 301.42
35 0.15 2165 226.75
30 0.14 1600 167.57
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Figure 5-14: Graph illustrating the I-V curve of the PV excitation tests on the PV

Generator.
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Figure 5-15: Graph illustrating the Speed-voltage curve of the PV excitation tests on the PV

Generator.

From figure 5-14, the I-V plane of the motor connected directly to the generator showed that
the starting current of the motor was 0.135A and the motor did not start initially. However,
when the insolation increased, there was some stability in the system and the I-V curve was
linear until it reached a threshold and there were some fluctuations because the insolation
was not high enough to start up the motor. But, after some time, the current was proportional
to the voltage following the ohm’s law. For the power —voltage curve, it formed almost a

linear curve because the voltage was steady against the power delivered from the PV

generator.

The maximum speed the PV supply system gave was high. The ac current is higher than the
dc current with high input voltages while in low input voltages, the dc current is higher than
the ac current. This is due to ac circuit armature and field inductances which dc circuits don’t

have. The PV current of the motor behaves similarly to dc current from the dec supply source.

For the same terminal voltage and armature current the speed of the motor loaded to the PV
was lower for ac excitation compared with dc excitation. This is illustrated in fig 5-12 and 5-
13. AC excitation produces pulsating torque, poor power factor and lower speed. Poor power

factor and lower speed are caused by the reactance voltage drop produced by field reactance,

Xrand armature reactance X, [59].
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The speed-torque characteristics at steady state were modeled using MATLAB, (See
Appendix C2). The motor data and results obtained from the analysis are shown in Table 5-2
[60] and Figure 5-16.

Table 5-5: Specifications of the Universal Motor Powered by the PV Generator.

Symbol | Value & units Nomenclature
v 220 volts Terminal Voltage
Ia 0.6 A Armature current

2.2 ohms Armature and field resistance
L 15mH Armature and field inductance
Tm Electromagnetic torque
Ke 0.3856
J 0.02365 Kg.m® Moment of inertia

0.02N.m Torque constant of rotational losses
B 0.00025 N.m/rpm Viscous torque constant of rotational losses

0.002387 N.nmy/rad/sec
Km 0.0621

1000, —— . .
111 ) EER
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Electromagnetic Torque - T (N.m)

Figure 5-16: Torque-Speed Characteristic of a Universal Motor Powered by the PV
Generator.
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Figure 5.16 shows the universal motor speed-torque characteristics in the mechanical plane
for five insolation levels. From this graph, it was observed that at low insolation, there were
low speeds. However, the starting speed at low insolation can be improved if load is matched

adequately with the PV system.

5.3.2 Experimental Test Results using a 60W light bulb

The second load powered by the PV system was a 60W light bulb. The light bulb was
connected directly to the PV system. There was a control switch used in isolating the supply
from the load (i.e. the light bulb). The light bulb was then switched on permanently until
there was no longer enough power coming from the PV system. During this period, the
power, current and voltage values were taken and recorded. Graphs on figures 5-17 and 5-18
(ie. I-V and P-V) obtained from these values were both linear indicating that the
experimental results authenticate the theoretical analysis of the -V and P-V relationship of
the normal conventional generators. The fact that the scaled ampere-hours generated by the
PV exceeded the required load current of the household light bulb (if considered separately)

proves the efficiency of solar power.
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Figure 5-17: Current vs. Voltage graph for a 60W Light Bulb Load

As the load being purely resistive, the results plotted were as expected.



65

casrmedsameveminseavaubasssnshuscrasdnsnanndansovanlosanonron

)
!
1
;
A
:
.
abi
L]
)
!
1
]
1
1
1
*
]
:
,

1
R
]

.
TR - TP, LRI

. v
| b oo ecavagamcevesnapanasne
3 . .

voltage

Fire 5-18: Power vs. Voltage curve for a 60W Light Bulb Load

5.3.2.1 Simulation for a Light Bulb Load using Inverter 1

The PV Generator is modeled as a single 24VDC source; ideally the PV generator supplies a
constant 24VDC. The inverter was then modeled as a PWM driven universal bridge which
was used to convert the 24VDC to 48VAC. The transformer was used to step up this output
inverter voltage to 220VAC. The variac was modeled as a slider gain block, in which

variable voltage control was achieved. Appropriately positioned displays were used to record

and plot the data in Simulink [61].

Figure 5-19 details the Simulink implementation of the entire PV system with a 60W light
bulb load.
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Figure 5-19: Simulink Modelling of a Light Bulb Load

5.3.3 Experimental Test Results using a 0.32kw Induction Motor

No load tests were only performed on the 0.32kW, 220V, 50Hz, induction motor using an
inverter connected to the output power of the PV system. The output voltage of the inverter
was varied with the use of a variac to obtain varying values of speed, current, and power.

The MATLAB m-file used to generate Figures 5-21 to 5-23 can be found in Appendix C4.
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Table 5-6: The results obtained for the no load test on the induction motor

Induction Motor No-Load Test

AC Input Voltage (V) | AC Input Current (A) | Motor Speed (rpm) | Input Power (W)
220 2.05 1500 195
210 1.8 1500 170
200 1.65 1500 150
190 1.50 1500 130
180 1.35 1500 115
170 1.25 1500 100
160 1.15 1500 90
150 1.05 1450 80
140 0.85 1400 73
130 0.75 1300 65

Initially for the tests conducted on the induction machine, the motor was started up and set to
steady state. The voltage that was used at the start of tests was 220V respectively. The
voltage was then decreased in acceptable increments until the motor reached a voltage low

enough to cut off.

Light input

) |

Fig 5-20: Circuit diagram of the PV array connected directly to the induction motor.

The voltage range was between the 130 — 220V region, in which the speed, current, and
input power was measured. All other voltages lower than this did not run the motor at all.
Upon start up, the induction motor proved to draw a large amount of current and this lead to
the inverter tripping when the voltage was slowly increased from zero, so the voltage was
increased immediately to allow the motor reach a steady state. The tripping of the inverter
was thus averted. Figure 5-21 shows how the voltage decreased from steady state to pull out
state. The graph of the input voltage against the speed is shown in Figure 5-22 while Figure

5-23 shows a graph of the input power against the voltage all at no load. No load tests were
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only performed because the PV generator output power used in the test facility could not

drive large loads.
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Figure 5-21: No Load Test Results for the 0.32kW Induction Motor.
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Figure 5-23: Induction Motor Input Voltage and Input Power at No Load.

54  Discussion on the Different Experimental Tests on Loads Analyzed

From our investigations, the performance of a PV generator and its maximum power transfer
is closely related to both the environmental parameters (i.e. insolation) and load magnitude.
Varying the internal resistance can change the operating point of the generator for maximum
power delivery. It, therefore, follows that the amount of power produced by the PV generator
does not depend only on the amount of solar radiation but also on the position of the
operating point on the I-V curve. Choosing a correct system configuration corresponding to a

given load can therefore optimize the power output.

The performance analyses of the directly coupled PV powered universal motor, 60W light
bulb and a 0.32KW induction motor have been studied. The steady state speed torque
characteristics of the universal motor are obtained at different solar intensities and
corresponding cell temperature. They are shown in the mechanical plane (w-T). It is
observed that the system started to operate at low value of solar intensity and performed
during most of the daytime. While the short circuit current varies greatly with the solar
intensity level, the open circuit voltage does not. This is because the photocurrent (Iph) and
hence the short circuit current is a linear function of the solar intensity and the open circuit
voltage is a logarithmic function of the solar intensity. The PV array open circuit voltage

decreases with an increase in cell temperature, causes the open circuit voltage to drop,
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whereas the short circuit current increases slightly with an increase in cell temperature [62].
The overall result of these variations is a reduction in the PV array efficiency with an

increase in cell temperature.

It is observed that for good match between the characteristics of the PV array and the load
e.g a universal motor, the load should have torque-speed characteristics that increase rapidly
as rapidly as possible in the operating region. The proper matching between the components

is the main issue in a directly coupled PV electromechanical system [63].

Laboratory experimental results show the steady state performance of the PV system with
changing loads. Experimental results indicate that this PV is suitable as a standalone system
supported with an energy storage unit. It was found out that even when there is a little cloud
cover, the PV array still generated a considerable amount of power; meaning that the
performance of the PV array is not limited to high insolation only. The amount of power
produced by the generator does not depend only on the amount of solar radiation but also on

the position of the operating point on the I-V Curve [64].

5.5 Impedance Matching

Energy reclamation by definition relates to converting any form of energy that is otherwise

wasted to some form of useful power.(\The idea of matching load impedance to source

impedance stems from a principle which a generator supplies power to its load (R, ) via its
own internal or source resistance (R'). Using R, greater thanR', more power will be
dissipated in R, than in R'. As we decrease R, , the power in both R . and R' will increase
up to a point where R, = R' and equal power will be dissipated in each. Decreasing R,
further increases the power lost in R' but the power in R . is decreased. Clearly, maximum
possible power is dissipated in R, where R, =R'. The problem with this matching system

of R,= R' is that half the power is lost in the source [65]. Imagine a power supply authority

tolerating a system in which half the power they generate is lost in their own generating

machine. The idea of impedance matching is a very simple example of an electrical

generator feeding a resistive load. Generators have an internal resistance if their own (R;)

as all real power generators do, this tend to dissipate some of the generator output power as

heat, wherever a load is connected at the output terminals. So the full mechanical power fed
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into the generator can not be drawn from it as electrical power, because some will always be

wasted in ( R ) resistance generator [65].

The generator internal resistance can be minimized. The power loss is also minimized by
varying the resistance of the load. In real terms, the power transferred to the load will be a
maximum,; but at the same time, the actual power being dissipated in the generator’s internal

resistance is exactly the same as that reaching the load. In other words half the total power
from the generator is now being turned into heat inside R; (resistance generator), because

its resistance is now half the total connected across the generator, the other half is the load

resistance R, .
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Fig.5-24: Equivalent circuit of a linear network showing the Maximum Power transfer

theorem.

For a linear network, the maximum power transfer from an active network to an external

load resistor Ry can be reduced to an equivalent circuit as shown in figure 5.24.

— V'
R +R, (5-2)
And so the power absorbed by the load is
2 o . 2
PL = .V—RLZ — V - 1 — R. — RL (5 3)
(R +R,) 4R R +R, '

Py attains a maximum value, V'2/ 4R’, when RL=R’, in which case the power in R’ is also

V’2 / 4R’. Consequently, when the power transferred is a maximum, the efficiency is 50%
[66].
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5.6 Photovoltaic Maximum Power Point Tracking

Maximum power trackers are high frequency DC to DC converters. They take the DC input
from the solar panels, change it to AC, and convert it to a different DC voltage and current to
exactly match the panels to the batteries [67]. It operates the Photovoltaic (PV) modules in a
manner that allows the modules to produce all the power they are capable of [68]. Its purpose
1s to correctly couple the output from the solar array to the requirements of the battery so as
to allow the solar array power to be delivered in its optimal format in terms of voltage and
current [69].

Figure 5-25 shows a PV generator showing its maximum power point.
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Figure 5-25: I-V curve of a PV generator showing the Maximum Power Points [70].

Where V,. —open circuit voltage, I-Short circuit current, [y- Current at maximum power

point, Vyy-Voltage at maximum power point and Py is the Power at maximum points.

The actual operation (Vy, I}) point is defined by the intersection of the PV curve with the
load line. From ﬁgure 5-26, IL. VL < IMMP'VMMP
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Figure 5-26: Variation of I-V curves with insolation [70].

The MPP locus varies with temperature, insolation intensity and shading conditions such as
cell and also with the PV cells ageing. Thus, if directly connected to the load, operation of
the PV array at the MPP can not be ensured even for constant loads. Moreover, practical load
electrical characteristics might vary, due to parameters such as the charge condition of
batteries and its aging or the loading and speed of dc motors powered by the PV array [70].
Figure 5-27 shows the graphical implementation of different maximum power points for

different insolation intensities in the I-V plane for a resistive load.
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Figure 5-27: Different MPPs for different insolation intensities in the I-V plane [70].

5.6.1 Maximum Power Point of a PV with a DC Motor as the Load.

The fractional horse power dc machine finds great utility in such loads as mobile hydraulic
pumps, mobile  hoists and lifts, exercise equipment, office machines and many solar
powered applications due to its high-starting torque since no current is needed to excite the
magnetic field [47]. Apart from being used in control schemes, permanent magnet DC
motors are commonly used in applications which require high starting torque or predictable
torque throughout the speed range. They use less energy than other types of DC motors,
because no current is needed to excite the field, as in field-wound types of DC motors.
Figure 5-28 shows the schematic diagram of a DC motor connected to a load and the

equivalent circuit diagram is shown in figure 5-29.

Figure 5-28: Schematic diagram of a DC motor (with permanent magnets) connected to a

load [71].
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The rotor (armature) rotates with rotational speed .

RH’.
7

S e

o——

Figure 5-29: Equivalent circuit of a DC motor connected to a load [71].

V=E+R I, (5.4);
and
E=ken (5.5)

Substituting equation 5.4 into 5.5, we have;
V=ken+I.R (5.6)

Where; E — Electromotive force induced in the rotor and R, — Rotor resistance, n — rotor

speed, Ke is a constant.

To start up a motor, the figure 5-30 below explains the equivalent circuit of a PV array
connected directly to a DC motor without MPPT.

Light input

Figure 5-30: Equivalent circuit of a PV array connected directly to a DC motor [71]
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Figure 5-31: I-V Curve of a DC motor powered by a PV array [71].

At start instance n = 0, then E = 0. Therefore the motor appears like a resistive load. During
acceleration the motor does not operate at MPP. As a result the acceleration takes long or
might not be possible at all due to the reduced starting torque.

When a MPPT is now introduced, the equivalent circuit to illustrate this is shown in figure
5.32 below.

Ligght input I MPPT imlt

k:1 —»

Figure 5-32: Equivalent circuit of a PV array connected directly to a DC motor controlled

with MPPT [72].
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The ideal matching network in a time variable DC transformer with transfer ratio k (t) {71,
72]. This transformer is controlled so as to operate the PV generator at MPP, regardless of
the load type. The controller transfer ration is &

The transformer model implies:

Ve |
o ki

in

K0\ v

in

. (5.7)
lout
The controller sets the transfer ratio, k, based on the sensed parameters, v, and i, (which are,
traditionally the MPPT’s input voltage, and current v;, and ;). Consider a load typically
applied in PV systems, which may be represented as a series connected voltage source E and

a resistor R:
vV .=E+i R (5.8)

This load has as a linear load line in the ¥}, - i, plane, determined by the transformer turns

ratio.

V,=kE+i, k*R (5.9)

5.6.2 Transferred load characteristies for different values of &. transfer ratio

For different values of k, the shape of the graph will look like what is presented in figure 5-
33[73]

711: 4

In

v - |} n
M

Figure 5-33: I-V Curve of a PV array connected directly to a DC motor using k ratio [73].
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Figure 5-34: I-V Curve of a PV array connected directly to a DC motor using k ratio for
MPPT calculation [73]

)
Vin -k - E - Vin

k* R (73] (5.10)

1)1'71=

2w _‘JE2+4'PM'R
B 2'INI‘R

Kk
[73]  (5.11)

Where k” is the new control ration. In practice, the above equations cannot be used to set &
because Py, Iy and E are not constants and R might be unknown. Thus a control algorithm is
iteratively applied until maximum available power is obtained. Therefore, P;,, must be

successively calculated by multiplying i;, and v,

1IA] A

Figure 5-35: I-V Curve of a PV array connected directly to a load under load variation [73].
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Under load variation, the matching network transfers the operation point of any load to the

PV source MPP.
IIA] &

Isc,

F¥
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.

-
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Figure 5-36: 1-V Curve of a PV array connected directly to a load under varying conditions.

(e.g. insolation, shading, temperature, etc.). [73]

The matching network varies so as to always extract the PV source available power (by

setting the operation point at the MPP).

5.6.3 Starting a DC motor using an MPPT

Light input ,,
Z m
+
R
. a
F; ‘ m
1
E

Figure 5-37: Equivalent circuit of a PV array used for starting a DC motor controlled using
MPPT [73].



80

Recall from Figure 5-29 (equivalent circuit of a motor) and equations 5.4 and 5.6.

R.=F(@®)R, (5.12)

E =k()E (5.13)

So, higher start current can be obtained by employing maximum an MPPT matching network

which results in start torque.

5.6.4 MPPT implied motor start process

IA| A

Isc

Im 7]

: | >
V., Vg VM
Fig 5-38: I-V Curve of a PV array connected directly to a DC motor controlled with MPPT

[71].

From figure 5-38, both the current and voltage of the system are at their maximum values to

allow the motor draw enough current to allow it run smoothly at the start up process.
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CHAPTER SIX

LIFE CYCLE COSTING AND ECONOMIC ANALYSIS OF THE
PV SYSTEM

The economic evaluation of an energy system investment generally includes an assessment
of the projected benefits compared to the estimated cost of the system [74]. The direct
financial benefit of a PV system is primarily the value of the energy generated and
environmental impact. These benefits and direct economic costs may be viewed as the
projected benefits and estimated costs. The projected benefits as stated above is the value of
electricity generated while the estimated costs are the capital, maintenance, life cycle,
replacement costs and decommissioning costs [75].

The life cycle cost analysis of the PVG system was carried out using an iterative process to

establish the systems’ cost effectiveness.

6.1 Product Life Cycle

Life Cycle Analysis (LCA) provides a systematic approach to measuring resource
consumption and environmental releases associated with different electric power generation
technologies. This can be done by quantifying and comparing the environmental effects
produced by different stages within the process, allowing assessment of the overall,
cumulative environmental impact. It also provides useful information on the environmental
impacts of such technologies [76]. Life cycle analysis can also be said to be an appropriate
method to evaluate the energy and green house gases (GHG) emissions embodied in the life
cycle of products and services [77]. LCA is a framework for describing the possible lifespan

environmental impacts of material/energy inputs and outputs of a product or process [78]. .

In life cycle cost analysis, all relevant, present and future costs associated with an energy
system are summed in present or annual value during a given study period. Amongst others,
these costs include energy, acquisition, installation, operations and maintenance, repair,
replacement, inflation and discount rate for the life of the investment. The running cost may
include operation and maintenance, general replacement costs, insurance etc. The most
common cost element of operation and maintenance of a PV system is the cleaning of the PV

modules to reduce dirt build-up and maintain optimal generation. Although accumulated dust
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can decrease efficiency and performance of a PV array, for tilted panels, cleaning may not be

necessary during rainy seasons, as normal rainfall is usually sufficient to wash off dust and

dirt [79].

6.2  Environmental Effects of Energy Resource Processing

The generation of electricity, and the consumption of energy in general, result in
consequences to the environment. Material and energy balances can be used to quantify the
emissions, energy use, and resource consumption of each process required for any power
plant to operate. These include feedstock procurement (mining coal, natural gas extraction,
biomass accumulation, collecting residue biomass), transportation; manufacturing of
equipment and intermediate materials (e.g., fertilizers, limestone), construction of the power
plant, decommissioning, and waste disposal. However, all these activities have adverse
environmental effects. Table 6-1 shows a matrix complied by Baumann and Hill [80] on the

negative effects of 12 different energy sources with relative significances indicated.

Table 6-1: Relative environmental effects of a variety of renewable energy and non-
renewable energy sources.[80]

Neghg%blel/mgmﬁcant:l > | & g _‘é 1 3, 5
Significant=2 s | S F 55| E| © _‘g E R g E
Significant / large=3 5; Ol O 2 % %‘ § % - A =
Large =4 O Sl e ® 2 g
[75)] T Q 3 S o
Passive solar energy 1
Photovoltaics 1 1 1 1 1
Wind 3 1 1
Biomass 1 301 1 1 1 1 | 3
Geothermal I [1(1]1 1 2 |1 1
J Hydro 2 3
Tidal 1 3 1
Water waves 1 1
Coal 4142122 1]2]2]1 3
Oil 3141121121 1 1
Natural gas 1 14 1 2 1 1
Nuclear 1|1 1 2|3 2 1

Most energy sources with an exception of passive solar energy and photovoltaic energy
systems produces pollution one way or the other. Most investors consider PV systems to be

very expensive; but on the long run, they are a very cheap source of clean energy.
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6.3 Load Management Control

The purpose of load management control in a PV system is to coordinate the interaction
between system components and to control the energy flows between the various energy
resource units, energy storage units and the users [81]. The end use of electricity is an
important parameter for any power distribution system. In order to manage and control the
load delivered from a PV system, two models are proposed. The first is to model the demand
level of individual households. In order to model the demand on the level of the individual
households, each load is modeled based on the statistics of household appliances in
" individual homes. Using the statistical information of the domestic appliance in individual
households, the appliance compositions of individual households can be approximately
modeled. The utilization frequency of each type of appliances can be computed. The total
demand of individual customer is defined by summing up the total power demand of their
individual domestic appliances, including the stand-by power consumption and the extra

demand from the small appliances not identified in the statistics.

The mathematical modeling of the loads is done based on the following analysis [82]. Each

appliance A has a defined weekly working frequency 7 (4) . The probability for the appliance
to begin working for each hour H of the day is P, (4, H) . The modeled hour is divided into S

steps, and thus the probability for each step is scaled with the factor P_. Their product is still

step

scaled with a seasonal working probability P

season

(4,W), where W refers to the week of the

year. Thus the total probability for the appliance to start working during any one step is

P (A HW) = P (AW).P,, (4, H).P,,.f(A). (6.1)

When we consider, that the probability parameters have the following characteristics

,W(A, w)

S‘Rlep _1 O Z hour(A H) _l O WIT 1'0 (62)

Thus the average yearly amount of starting the appliance is

52 24

Nwwe=2 2 2R (A HW)= Z SE AW B (ADP, (4 (63)

W=l H=l sieps w=1

— Z sk B 1P). Z P, (A H) [(H)=52(4) (6.4)
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The second approach is to model the power feeding the load in the PV system. However, to
maximize the load energy, there are two main constraints such as battery limitation and daily

allowable load from the battery bank. This is represented mathematically as:

Pa=Pd+Pu:PL+Pb (65)

where P, is the total power available, Py is the power delivered, P, is unused power, P is the
load power and Py is the battery bank power.

The state of charge (SOC) of the battery can be represented at different levels:

SOC high (SOC>95%)

SOC medium (50 < SOC < 95%)

SOC low (SOC < 50%)

Table 6-2: Soc Analysis
State 1 State2 State3

SOC High SOC medium | SOC Low

Some domestic loads such as a fractional blender, cooker can be controlled during usage in
the house. Domestic chores such as cooking can be performed while putting off other loads
such as lighting. This eliminates the premature ageing and minimal consumption of the back-
up energy of the battery. It also leads to an effective use of the generated electricity and

extends the life time system operation of the PV generator.

6.4  Life Cycle Cost and Economic analysis of the PV System

To perform a levelized cost analysis, all capital and operating expenditures incurred over the
span of the evaluation period must be taken into account. Tﬂe expenditure stream includes
generation equipment costs, BOS component costs, and a;l-nllal operating and maintenance
(O&M) expenses [83]. Generation equipment costs include hardware costs and cost for
delivery and installation of the PV array and generator set. The BOS component costs reflect
the costs of purchasing, delivering and installing the power conditioning systems. Both the
electricity generation equipment and BOS component cost streams include initial and
replacement costs. The O&M expenses cover regular service, maintenance and repair costs
(e.g., lubrication and bushing repairs are included for gen-sets and array surface washing and

electrical connection inspection are included for PV systems). For gen-sets powered by
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diesel, the O&M costs also include the delivered fuel costs. This is based on fuel prices in

the local market and the average cost per unit of delivered fuel to the site [84]. _
Table 6-3 shows the economic parameters for the life cycle cost comparing a PV system and
a system fed from a diesel powered generator. Prices for all system components are based on

the actual cost index of all the materials used for the test facility in the laboratory.

Table 6-3: illustrating the economic parameters [85]

Load System Life 25years
550W array @ $3.50 / W $1925
500W gasoline generator @ $250 | $250
Inflation rate 3%
Discount rate 10%

For the PV system and generator, the present worth factor of the batteries and generators can

be calculated using;

1+i Y
P’=[1+d] (6.6)

Where # is the number of years i is the inflation rate and d is the discount rate;

For the generator, the present worth factor of the fuel and maintenance cost can be calculated

using

P[lj (6.7)

where n is the number of years, and

1+

‘= [m] 6.8)

The cumulative present worth factor needed for the maintenance cost of the PV system can

be calculated using
Fy=xF (6.9)

Using the inflation rate and discount rates given above,



x=0.9364,
P.=11.50 and

P,=10.77.
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The system is assumed to operate for 24hr per day with minimal down time. A load coupled

to the system uses 2Kwh per day with a 25years life time.

Table 6-4: Comparison of life cycle costs (LCC) for PV system and generator system fora

typical load.
PV SYSTEM DIESEL POWERED GENERATOR
SYSTEM
Component IC($) | PW Component I.C. AC | PW
® $) ® | ®

Photovoltaic 1925 | 1925 | Generator 250 250
Charge Controller. 150 150
Battery. 900 900 Fuel 469 | 5394
Battery. Syear 900 648 Generator Syr 250 180
Battery. 10year 900 466 Generator 10yr 250 130
Battery 15year 900 336 Generator 15yr 250 93
Battery 20year 900 242 Generator 20yr 250 67
Battery 25year 900 174 Generator 25yr 250 48
Annual Maintenance 100 1077 | Annual Maintenance 500 | 5750
Array Mount / Installation | 100 100 Installation Cost 100 100
Inverter 100 100 Other Items 50 50
Protection switch fuse 20 20 Isolator 20 20
Wiring cables 50 50 Wiring Cables 50 50
LCC 6188 [L.C.C 12132
Total System Cost 7845

[PW is present worth; IC is initial cost; AC is annual cost; and yr. is year.]

6.4.1 Costs Analysis

In life cycle cost analysis, all relevant, present and future costs associated with an energy

system are summed in present or annual value during a given study period. These costs

include energy, acquisition, installation, operations and maintenance, repair, replacement,

inflation and discount rate for the life of the investment. PV technology, when used for

localized rural, semi-urban and urban areas, has economic costs and benefits that may be

shared between the consumers and the electric utility [85]. This brings a significant return on

investment for both the electric utility and the consumer

Table 6-4 shows the costs of principal components and the annual operation and

maintenance costs of the total systems. The total investment of US$7845 for the PV System;
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includes the cost of the PV array (US$ 1925). The cost of the power converters (charge
controller) is estimated of US$ 150 and the cost of storage batteries is US$900 which has to
be replaced after Syears. The diesel generator was US$250. In the LCC from table 6-4, the
system is capable of 24-hour per day operation with minimal down time. The average power
requirement of the load is less than 80watts. In this case, the generator would be running at
an under rated load, it will produce about 2.5 kWh per gallon. The fuel consumed is

+300galoons per annum and the annual maintenance cost is estimated at US$500.

The economic analyses assess the 25-year LCC of the PV system actually installed. The
LCC estimate projects a net savings associated with the PV system of $5844 over the 25-
year service life. In addition, the PV system will save over 7,500 gallons of propane fuel,
during a 25-year service life. The strength of this analysis is its use of actual load, PV
production, and generator run-time data was calculated. O&M and replacement schedules
were also developed for all major components. For the generator sets, O&M comprises: oil
change; valve adjustment and replacement costs (every 5yrs). Due to high usage, the
generator has an average lifespan of Syrs and must be replaced. The PV system will allow it

to serve for the full 25 years without replacement.

The analyses above simply conclude that the PV system is relatively cheaper to use when
compared to a generator system. The cost effectiveness of this PV system is due to the
combined effects of active load management, load segmentation, and effective system
design. Our cost analysis suggests that PV systems can meet increased energy demand at
relatively stable costs to the user, improving this system’s competitive standing over gen-
sets, which can suffer long down-times as maintenance needs, parts failures and fuel

shortfalls interrupt service.

6.5 Cost of Electricity from the PV System

The total life expectancy of the PV systems is assumed to be 25 years, while the lifespan of
the storage batteries are Syears respectively. The capacity of the unit considered is a 0.55kW
solar panel. The system is designed to work during the availability of insolation, which is
considered to be 8hrs daily. If the insolation is less than 8hrs (e.g. during winter), a battery is
used as a storage element to power the system. However, a maintenance plan of Shrs is

considered yearly for PV system cleaning, connections and cable checking.
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The plant/ unit availability can be calculated as:

Total available hours of operation/day per total number of hours/day, A,

_ 8hrs =339
Y 24 hrs
Total on- time per year would be:
ontime(hrs) = availablity * hrs(days) * days(yrs) * lifespan (6.10)

On-time (hrs) = 0.33*24*360* 25 hrs

Down time (hrs) would be =5*25 =125 hrs

Total available time of the system is = ontime(hrs) =71280-125= 71155 hrs.

Total life span plant capacity is = Capacity(kW)* Ontime( Hrs) =

0.55*%71155= 39135.25 kwhr

To calculate the unit electricity cost, the total plant cost is divided by the total plant capacity

Unit Electricity cost is

7845

———— =20cents!/ Kwh
39135.25

The following assumptions were made: In the above energy cost, the unit cost derived was

based on a 0% on interest, inflation and depreciation.
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6.6 Comparison of Energy Sources

Table 6-5 shows the unit electricity cost from various energy sources [86-88]

Table 6-5: Comparison of the Costs of Electricity Generation Using Different Power Plants

Capital | Fuel O&M | Service
Capacity | Cost Cost Cost Life Unit cost
Energy Power Type | kW kW $/kWh | $/kWh | Years (Cents/Kwh)
Microturbine-CHP &
Power 100 1485 0.075 0.015 12.5 4
3
Gas ICE—Power &
CHP 100 1030 0.067 0.018 12.5 3.21
Fuel Cell--CHP 200 3674 0.029 0.01 12.5 7
Solar Photovoltaic 100 6675 0 0.005 20 20
Wind Turbine 1000 1500 0 0.005 20 3.5
Combustion
Turbine—Power & 3.25
CHP 10000 715 0.067 0.006 20 '
Combined-Cycle
System 100000 | 690 0.032 0.006 20 3.18
Nuclear 100000 | 2500 0.035 0.25 20 2.4

From Table 6-5, it shows that the unit cost of solar photovoltaic systems has the highest unit
cost. Renewable sources of energy generation are generally more expensive than
conventional generation technologies [89]. This is due in part to the immaturity of the
technology and the more limited opportunity to take advantage of cost savings brought about

by economies of scale usually associated with more traditional fossil-fuel types of

generation.

In the calculation of the unit electricity cost of the PV system, the unit cost derived was
based on a 0% on interest, inflation and depreciation. If these factors were considered, trade
offs is the basis of elimination when it comes to the choice of a power generating system.
For example, in a comparison between coal and nuclear energy, nuclear energy generally has
much lower fuel costs but higher capital costs. This makes an economic choice dependent to
a large extent on the expected capacity factor (or equivalent full-load hours of operation
expected per year) for the unit. Coal and nuclear-energy systems have, however, significant

but vastly different environmental impacts. It may well turn out that one system is chosen
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over another largely on the basis of a subjective perception of the risks or of the

environmental impacts of the two systems.

Similarly, a seemingly desirable and economically justified hydroelectric project (which has
the additional attractive features of using a renewable energy source and in general having
high system availability and reliability) may not be undertaken because of the adverse
environmental impacts associated with the construction of a dam required for the project.
The adverse environmental impacts might include the effects that the dam would have on the
aquatic life in the river, or the need to permanently flood land above the dam that is currently

being farmed, or is inhabited by people who do not wish to be displaced.

It can also be found out that the decommissioning costs of most power generating plants are
not considered in the design cost analysis [74]. Hence, if this is included in the cost analysis,
it would be obvious that the PV system advantages out weighs the disadvantages. Apart from
these, the present large price swings in the demand and supply of oil has made coal, oil and
gas fire plants very expensive to run and maintain [90]. Generally, plant choice is likely to
depend on a country's international balance of payments situation but the issue of global
warming is highly considered lately [91]. However, when the decommissioning costs,
environmental impact or pollution cost, and overall system on-time factor, are all included,

the unit cost for all the corresponding generating systems will be higher.

The table below shows the Levelized Cost of Solar Photovoltaic Electricity, 1980 to 2020
[92].

Table 6-6: illustrates a projected cost of the unit cost of PV systems in years to come [92].
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40
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91

The coupling of a Photovoltaic system to a battery allows converting at, high efficiency, and
renewable electricity into time-stable storage using a battery as a backup energy storage
system. Using a battery to get back to electricity allows building a noiseless energy
generator. The PV generators operate with excellent availability and reliability. In addition,
over its life span, the PV system will consume no fuel and avoid the emissions of tons of
pollutants [85]. The cost effectiveness of this PV system is due to the combined effects of
active load management, load segmentation, and effective system design. The PV system is
currently very expensive but in the future, the investment should become competitive to the
other stand-alone systems. Although the presented system does not show high efficiency and

very low forecasted price, much progress is expected and necessary.
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CHAPTER SEVEN

DISCUSSION, CONCLUSION AND RECOMMENDATIONS

7.1 Discussion

Optimal Operation of Energy Delivery and PV System

Solar powered photovoltaic (PV) systems have numerous applications and can be designed
to provide energy demands from a few watts to kilo- or megawatts. Some typical PV
applications are: communication, monitoring and sensing, water pumping, corrosion
protection, lighting, and refrigeration, to name a few. Solar energy is seasonal, varied and
intermittent. Therefore, energy storage, conversion and delivery to satisfy application loads
are key system design criteria for specific PV applications [93-94]. The satisfactory dynamic
responses of the PV system were also analyzed but the transient stability analysis of the
system was not considered. The conversion of dc power to ac in the PV system setup is made
by controlling switching schemes using a 3KW inverter. Thus the system power system can
achieve more real versatile and reactive power control than the conventional power sources

because the former does not contain any rotating masses.

Error Estimation in Measurement and Analysis

The performance ratio of any PV system can be influenced by the mean intensity of the solar
irradiance, the system size and the system layout. The average efficiency of the PV panel is a
function of the irradiance, the power efficiency of the inverter depends normally on the size
[95]. High voltage arrays involve low currents, which lead to increasing mismatch,
increasing inverter efficiency and decreasing resistance losses. In order to have limited errors
in the system and for a good analysis of the system behaviour we used a data-acquisition
system (based on a PC) with an average sampling period of only 5 minutes. This also helped
to identify improperly functioning components in the system. However, to make a complete
overview of the system behaviour, we compared the measured values with the expected ones
and also the calculated parameters. The error margin was close to zero. The system however
still experienced some losses due to the inverter switching, ohmic loses, temperature losses,

Low irradiance losses and String losses.
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Efficiency of PV System
The efficiency of the solar cell is defined as [41]:

P, P
= oul = max 7. 1
P, P 1)

in in

r+ )|
The maximum solar energy conversion efficiency depends mainly upon the solar cell

internal construction, dimension, active area, specific materials properties, photovoltaic i
junction characteristics, anti-reflective coating, surface texture, illumination level, cell l
operating temperature, particular irradiation damage, temperature cycling.

The fill factor is the term used to describe the sharpness of the I-V curve. The sharper the I-V |

curve is, the greater the maximum power output. It can be represented as the ratio of the

maximum power can be delivered to the load and the product of . and I,

P v 1
FF = max __  max” max (72)
VOCISC VOCISC

Where V. is the open circuit voltage, V¢, is the short circuit voltage [5].

The fill factor is also a measure of the real / —}V Characteristic. Its value is between 0.75
and 0.8 for a typical solar cell. The efficiency of the solar cell used in this research is 17%

[33].

Applications of the PV System

Lately, .'f;any people are familiar with PV-powered calculators and watches, the most
common small-scale applications of PV. However, there are numerous large- scale, cost-
effective PV applicatiogls';’[%]. PV systems applications vary from need to areas. Some are
used as autonomous systeﬁms; where they are used alone without a backup or auxiliary power
source. Hybrid systems are situations in which the PV is used alongside other power
generating sources such as diesel generating set, wind power system. A grid connected PV
system as the name implies is used to supply electricity directly into a regional or community
power grid. They can also be used as standalone systems in areas where the community is

highly remote and don’t have access to the electrical grid. [22]
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Figure 7-1: showing the application areas of photovoltaic systems

Mountain
restaurants/hotels

Grid-independent Photovoltaic Systems for Small Devices and Appliances

Solar electric power supplies for appliances and small loads in the power range from several

milliwatts to several hundred watts are being applied generally because of its cost-

effectiveness against a grid connection, in many cases even when the consumer is situated

very near to the next grid connection point. [97]. Advantages include: their reliability,

portability and their environmentally benign production of energy. \In very small systems

such as wristwatches or scientific calculators, the solar generator consists of one or only a

few solar cells. When more power is needed, the individual solar cells are connected together

to form solar modules. Pocket Calculators, fans and electric letter balances are examples of

such applications {98]

¢ Solar home systems [99,100]

e Solar lantern for rural households in developing countries

e Photovoltaically powered intelligent emergency telephone [101]

e Consumer applications

Photovoltaic Systems for Remote Consumers of Medium and Large Size

Electricity also helps solves other material supply problems. Workshops, food storage and

processing, telecommunication, health services and tourism normally demand higher daily
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amounts of energy and power than can be supplied by a Solar Home System. Small stand-
alone grids that are supplied by various electricity generators are the next step in remote area
power supply. With increasing demands, the connection to the public electricity grids makes
good sense.

= Photovoltaically powered telecommunication system

] PV powered battery-charging stations[102]

" Photovoltaic hybrid systems

" Village power supply systems

" Photovoltaic pumping systems[103]

= Photovoltaically powered water purification[104]

= Social aspects in off-grid rural electrification {105]

Decentra]iied Grid-connected Photovoltaic Systems
'Photovoltaic systems can be connected to the public electricity grid via a suitable inverter.
Energy storage is not necessary in this case. On sunny days, the solar generator provides
power for the electrical appliances in a house. Excess energy is supplied to the public grid.
During the night and overcast days, the house draws its power from the grid [106].
Photovoltaic systems operating parallel to the grid have a great technological potential [107].
Examples of grid connected PV systems include:
" Rooftop PV generators

el Building integration

Central Grid-connected Photovoltaic Systems
The photovoltaic systems discussed are usually small decentralized systems in the lower
kilowatt range; it is also possible to build large central photovoltaic power stations in the
higher kilowatt to megawatt range. It is then possible to feed directly into the medium- or
high-voltage grid.

. Utility systems

. Joint ownership
Space Application
The general uses of the PV systems include [22]:
Water pumping for small-scale remote irrigation, stock watering, residential uses, remote
villages, and marine sump pumps;
Lighting for residential needs, billboards, security, highway signs, streets and parking lots,
pathways, recreational vehicles, remote villages and schools, and marine navigational buoys;

Communications by remote relay stations, emergency radios, orbiting satellites, and

Cellular telephones
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Refrigeration for medical and recreational uses;

Corrosion protection for pipelines, docks, petroleum, water wells and underground tanks;
Utility grids that produce utility- or commercial-scale electricity;

Household appliances such as ventilation fans, swamp coolers, televisions, blenders,
stereos, and other appliances

Disaster and energy security applications [22]

From the result of this investigation, the PV system can be used as building energy supply,

energy management and as building services technologies.

7.2 Conclusion

This study has demonstrated the performance analysis of PV systems and highlights the
economic evaluation of the system for a Standalone power system. This is contributive to
solving household problems of many domestic homes that do not have an access to
electricity supply. The backup system used in this study is a battery bank and it has nice
characteristics such as fast load-response capability, modularity in production, highly
reliable power sources and environmentally acceptability. Time-domain simulation results
showed effectiveness of the developed model. The PV system responded very well to PV
power changes so that the system can maintain the standalone real and reactive power
demand commands. The conversion of dc power to ac in the PV system setup is made by
controlling switching schemes using a 3.0kW inverter. Thus the power system can achieve
more real versatile and reactive power control than the conventional power sources because

the former does not contain any rotating masses.

From the experimental results obtained during this project, it is clear that the photovoltaic
generator (PVG) is an efficient source of energy. The different loads which were connected
to the system responded satisfactorily. The results from the mathematical models obtained
from the MATLAB, Digital Visual Fortran and C++ for the solar panels serve to verify the
theoretical I-V characteristic drawn from the SHELL SM110-24 product datasheet. A
complete model for the power, voltage and the current characteristics was developed for the
mathematical model of this work. The developed models of the system for the power-
voltage, and the voltage-current characteristics proved to be similar to the same
characteristics shown on the product data sheet. Hence the modeling for the PV generator

proved to be successful.
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The PV generator is a socially acceptable technology by people, who are concerned about a
degradation of the environment. The only major impediment to expand the PV generator
system for standalone application is the high production cost of PV modules. The price of
PV modules continues to decline as efficiency continues to rise. It has been observed that the
yearly prices declined from $6/W in 1983 to less than $3.5/W in 2005 and it is projected to
continue to decrease in future. However, the running cost and decommissioning cost of the

PV system is negligible compared to the conventional power sources.

However, the PV is less appealing due to the significant feature of its intermittent power
output on fluctuating weather condition. Thus, a PV power generation should be integrated
with other power sources. Combining a battery power with a PV power plant had been

proven to be a feasible technology for alleviating such a PV power’s inherent problem.

New processes for manufacturing photovoltaic cells and for enhancing their conversion
efficiency are currently being explored and are aimed at reducing the cost per peak watt. The
technology for the commercial applications of PV generation will reduce in the near future
since the dependence on fossil fuel and the environmental impact of fossil fuel has been a
major endangering factor human existence-global warming. Recent price increases in oil and
gas in the global market has strengthened a case for further PV resources development and

utilization.

At the end of this investigation, the following tasks have been achieved;

* Successful modeling of the PV generator system using MATLAB, DVF and C++,

¢ Performance analyses of the PV generator system under different loads and the
outcomes have been satisfactory because the research carried out showed that the
systems being tested showed clear similarities between the experimental and
simulation results.

* As aresult of the experimental tests carried out, the PV generator system backed up
with an energy storage system is a reliable alternative power supply for low energy
consumers.

* An economic analysis of the whole system was carried out and it was discovered

that it is an expensive mode of energy generation hence it needs state subsidy to be

viable.
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7.3 Recommendations

Extra efforts need to be made on increasing the efficiency of the PV modules and control
systems should be developed to measure and regulate the transient and steady state analysis

of the PV systems.

Government policies should discourage the use of kerosene lamps, diesel generators as this

will have a significant reduction in green house gas emission.

A procedure for quantifying energy losses in stand alone systems due to the random inverter
failures should be analyzed. In addition, an inverter control strategy to improve the system
efficiency during periods of low insolation should be developed. Finally, a cost/benefit
analysis to determine the optimal system configuration that yields minimal system life-cycle
costs should be researched on considering the environmental impacts of the conventional

€nergy sources.
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APPENDIX A

MATLAB M-FILE OF THE MATHEMATICAL MODEL OF THE
PV SYSTEM.

% The programwme helow shows the MATLAB Model of the PV Systewm

clear

clc

pmpp=110; % waximumw power point of PV module power

vmpp=35;3maximum power point of PV module voltage

impp=pmpp./vmpp;

Simpp=3.14; smaximun powver point of PV module Current

13¢=3.45;% Short circuit current

voc=43.5;%0pen circulit Current

tid= (isc.*{l-(c3.*({expi((cd.*(v."n))-1))}}) ),;main Current =quation for & Pv
tmiodule

sbhacense there would be five(5) unknowns in the eguation, declare voltages
(V) as array

vi= linspace{0,46.2):;% first voltage from PV module

vZ= linspace(0.0009,42.8) ;;%3econd volrags from PV module
v3= linspace(0.0009,42.1):%cthird voltage from PV module
v4= linspace (0.0009,41.3);%fourth voltage from PV module
v5= linspace (0.0009,39.5):% fifth voltage from PV wodule

give wvalues to sll the constants in the main Current equation for & PV
module

%
&

o

=

¥c3=0.01175;

o= {(log({1+=3)./=3) 1;
scbh=(log({{isc.* {(1+c3) ~impp) ./ {(c3. *iac)) )
¥m= (log(cS5./c6) ./log(vmpp./voc) )
Fod=( (o6./{voc.™m)) |

a2,

¥ rewrite all constant evaluation eguations in martlab forman

c3=0.01175:;

c6=real(log((l+c3) ./c3) ):

cb6=4,.46;

c5=real{log((isc.* (1+c3)—impp) ./ (c3.*isc)) ):
¥cS5=reml {log{ (1.01175. *isc)))
m=reml(log(c5./c6) ./log(vmpp./voc) )

cd4=real( (c6./ {(voc.”m)) }:

¥ write main current equation in matlab format indicating che voltage aa an
¥ array as stated akbave

* find the differnt values of currents at percentages ranging from 20 to

% B8O

i= real(isc.*(l—tcS.*(exp((c4.*(v1.‘m))—1))]) )

il=real ((0.B.*i)) :
iZ2=real ((0.6.%1)):



100

i3=real ((0.4.%i))
ig4=real {(D.2.7%1i));

% find the power generated hy the PV

% note that power (F) = current(I) * Voltage (V)

Sp=wvei

% find power in all corresponding five places just as solved asbove
pl=real(vl.*i);

p2=real(vZ.*i};

p3=real(v3.*i);

p4=real (v4.%*i)

pS=real (v5.*i);

¥Plot the Current-Vpltage(I-V) curve nf the golar cell
3=zubploc iz, 2,1)

plot(vi,i,v2,1i1,v3,1i2,v4,1i3,v5, i4)

AXIS([D 47 0O 4])

grid on

xlabel({'Voltage[V] ')

ylaebel ('Current[I]')

title(' Current- Voltage{I-V) Characteristics of the PV Generdgtor')

¥Plpt the PFower-Voltage (P-V) rpcurve of the splar cell
*3ubplot{2,2,2)

figure

plot(vi,pl,vZ,p2,v3,p3,ve,p4d,vs, ps)

AXIS([D 50 0 125])

grid on

Xlebel('Voltage - V')

vlabel (' Power - W'}

title(' Power - Vpltage (F-V) Cheracteristics of the PV Generator')
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APPENDIX B1

DIGITAL VISUAL FORTRAN CODES OF THE
MATHEMATICAL MODEL OF THE PV SYSTEM.

{1This Program is used for simulating the mathematical model of a
| tPhotovoltaic generator It derives the current and voltage and Power and
I1Valtage equations and gets all the valuss needed.

PROGRAM nrathematicalmodel
IMPLICIT NONE .
11 the constants and variashles are definsd in thi= sectian.

REAL :: k2.k3,kd . m k3temp.k3kdtenp. vrpptemp lderived constants
Integer FE | literation integer

1 ——1 ASSIGNMENT OF CONSTANTS

REAL, parameter 1okl = 0.01175 | Conversion constant

REAL. parameter c: vmpp = 35.0 ! valtage at maximum power point
REAL, paraneter :r voe = 43.5 | open circuit voltage

REAL, parameter ooimpp = 3.14 | current at magimum power point
REAL, parameter tooisc = 3.45 | short circuit current

I'l'lldeclare array value for voltage, current and power

integer, parameter . max = 50 I Marimnum voltage value in array
integer, dimension (0:max) v | Declare voltage an array
real, dimension (0:max) (. vtemp.r.x.1i.p

!1This section computes the value of one of the conversion constants.
k4 = log((l+kl)/kl) | transformation factor

Il Yrite out the value of constant k4
YRITE(*.,%) 'the value of k4 is:'

I 1Compute the temporary walue of k3
k3temp = ((isc*(1l+kl))-impp)

| {Compute constant k3
k3 = log((k3temp)/(kl=isc))

! 1Compute the value of "m"
WRITE(%*, %) '"the value of k3 is:'
k3kd4temp = log(k3-skd)

vmpptemp = log{vmpp-/voc)

m = (k3k4temps/vmpptenp)

write(*, *) the value of m is:*
| {Compute the value of k2
k2 = kd4r/(voc==xn)

write (#*,*) ' the value of k2 is:'
'Write out the voltage values declared in array abave
write(%*,*) 'input voltages are '

write(*,.%) '(v(j).3j=0.max) '

I'lStart iteration loop for various values of voltage to get the
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| lcorrespanding current values
x = 0.0 !

do j=0.max
if(v(3)<50)then
vtemp= (v¥*xnm)
X = ((vtemp*k2)-1)
r = exp(x)
else
write(=,%*) 'out of voltage limits'
end if
end do
| {Compute the current walues
i(v)=isc*(1-kl*(r))

| IConpute the power values
p(v)=1(v)*v

IHUrite out computed values of Currents and Powers
END PROGRAM Mathematicalrodel

I lPlat resulis.
I{The graphs of Current ¥s Voltage 1i.e. I-V Curve
I'1And the graph of Power Vs Voltage i.e. P-V Curve.
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APPENDIX B2

C++ CODES OF THE MATHEMATICAL MODEL OF THE PV
SYSTEM.

#include <stdio.h>

#pragma hdrstop
#include <condefs.h>
f#include <iosatream.h>
# include <complex.h>
finclude <math.h>

#pragma argsuged

// This program runs the simulation of the mathematical model of a PV
// Generator using C++.
// This section defines att the constants as complex vectors

// the complex vectors in the transformation and multiplying factors.
int main(int argc, char* argv[])

double KI1; // transformation factor
double K2,K3,K4,m; // multiplying factor
double Vmpp,Voc;
double Impp, Isc:

// the voltage at maximum point and open circuit voltage
// the current at maximum point and open circuit current

// Assign values to the constants as provided in the manufacturers data sheet
K1 = 0.01175;

Vwpp = 35;

Voc = 43.5;
Impp = 3.14;
Iac = 3.45:;

// Equations

R4 = log((l + K1)/K1):
cout<<” The Value of K4 = "<<K4<<endl;

double Kitemp;
// start solving for main Current equation



// start solving for main Current eguation
K3temp =((Isc*(1 + K1)) - Impp):

K3 = log( (K3tenmp)/ (K1*Isc)):

cout<<” The Value of K3 = "«<<K3<<endl;
double K3K4temp:

K3K4temp = log({K3/K4):

double Vmpptemp:

Vmpptemp = log(Vmpp/Voc):

m = (K3K4temp/Vmpptemp) :

cout<<" The Value of m = "<<m<<endl:

K2 = K4/ (pow(Voc,m}):

cout<<" The Value of K2 = "<<K2<<endl:;

//Declare voltage as an array and compute the corresponding values

// of currents and power

double *I;

double *P;

I = new double [100]:

P = new double [100]:

int v; double Vtemp: double expvealue=0;

double result:
double x = 0.0

cout<<"The values of I are as follows"<<endl;

//start array iteration
for (v=0: v<50; v-++)
(
Vtemp = pow(v,m):
X = ((Vtemp*K2) - 1):
result = exp(x):
//coute<result,

//cout<<result,
I[v] = Isc*(l1l - Kl*(result)):
P[v] = I[v] *v;
cout<<I[v] <<endl:
}

cout<<'"" The Power Values are as follows "<<endl:

for (v=0: v<50;: v++)
{ cout<<P[v] <<endl:;)

getchar () ;
return QO;

//plot the value of current and power

104
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APPENDIX C1

MATLAB M-FILES OF THE BATTERY DISCHARGE TESTS ON
THE PV SYSTEM.

% battery discharge tests
clear;

clc

% battery discharge tests using & single unit of 12Ah battery
time=(0,5,10,15,20,25,30, 35, 40, 45, 50, 55, 60, 65,70,75,80,85,90,95,100, 105,110,115,120,125, 1!
vi={12.23,12.21,12.19,12.16,12.15,12.13,12.12,12.10,12.08,12.06,12.04,12.02,12.01,12.00, 1:
ii=(i10,10,10,10,10,9.91,9.91,9.91,9.681,9.81,9.81,9.81,9.76,9.76,9.76,9.71,9.71,9.,71,9.61,¢
pl=(122.28,122.1,121.87,121.6,121.47,120.21,120.09,119.91,118.54,118.31,1168.11,117.92, 117
v2=~[12.23,12.22,12.22,12.22,12.21,12.21,12.21,12.2,12.2,12.2,12.2,12.19,12.19,12.19,12.19,
i2z=[io, 10,10,10,10,9.91,9.91,9.91,9.81,59.81,9.81,9.81,9.76,9.76,9.76,9.71,9.71,9.71,9.61,¢
p2={122.3,122.2,122.2,122.2,122.1,121.0,121.0,120.9,119.7,119.7,119.7,119.6,119.0,1159.0, 1
¥ battery discharge tescts using & single Unic of 12Ah battery

plot{time,pl);

grid on

xlabel ('time - min')

yvlabel (' power - watts')

title{' p-t graph')

figure

plot (time,vl) ;
grid on
Xlabel {('tirme - mina')

viebel ('voltage — wvolts')
ctitle (' wv—t graph')
figure

plot (time, 11) ;

grid on

Xlabel ('time — min')
viebel (‘Current — Rmps')
title (' I-t graph'}
figure

* battery discharge tests wusing 10 Units of 124Ah connected in parmallel
plot (time, p2) ;

grid on

xlabel('time - min')

viebel {' power - watts')

title(' p-t graph of 10 units of batteries')
figure

rplot {time,v2) :

grid aon

xlebel (’'time — mins')
viabel ('voltage — valts')

title (' wv-t graph aof 10 units of batteries')
figure

plot (time, i2) ;

grid on

xlaebel ('time — min')

yvlabel (' Current — Amps')

title ('’ I-t graph of 10 units of batteries')
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APPENDIX C2

MATLAB M-FILES OF THE MODELING OF THE PV SYSTEM
WITH A LOAD.

% modelling the FVG with & load

clear

clc

prapp=110;

% maximur power point of PY module power
vmpp=35;

ymaximman power point of FV maodule woltage
% impp=prpp./vmpp:

impp=3.144

smaxirum power point of PV module Current
isc=3.45;

% Short cirrcult current

voc=43.5;

sCpen circuit Current

km=0.0621;

ki=0.386;

k=ki. *km;

b=0.00025;

ra=2.2;

flux=100;

si= (diesc.*{l1-(c3.%(exp(fcd.*{v."m)~-1))}) 1;main Current equation for a Pv
smodule

thecause there would be five (S} unknowns in the eguation, declare voltages

3 (V) aa array

vl= linspece (0,46.5);

% first voltage from PV module
v2= linspece (0,0008,42.8):
¥second wvoltage from PV module
v3= linspace {D.000S,42.1);
3chird woltage from PV module
v4= linspace (0.0009,41.3);
3fourth valtage from PV module
v5= linspace (0.0009,39.5);

% fifrh voltage from FV module

¥ give wvelues to all the constants in the main Current eguation for a PV

% module

%*c3=0.01175;

¥cb={log((1+c3) ./c3) ):
seh=(log({(isc.* (1+c3) —impp) ./ (cI3 . *isc)) )
sm={log(=S5./:6) ./log{vmpp./voc) ) :
xcd=( {(c6./ (vac.”m}) ).

¥ rewrite all constant evaluation equationa in matlab farmatc
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c3=0.01;

scé=real (log((1+c3)./c3) 1

c6=4.46;

c5=real (log((isc.* (1+c3) -impp) ./ (c3.%isc)) )
m=real (logl(c5./c6) ./log(vmpp./voc) )2
c4=real( (c6./(voc."m)} )

write main current equatinon in matlab format indicaeting the voltage as an
array as stated ahove

AT A

find the differnt values of currents at percentages ranging from 20 to
5 BO%

i= real(isc.* (1-(c3d.*(exp((cd.*(vi.”"m))-1)})) ),

il=real ((0.B.*i));

i2=real ((0.6.%1i));

i3=real({(D.4.%1i));

ig=real ((0.2.%*1)};

% find the powver generated by the PV

% note thaet power (P} = current(I}) * Vpltage (V)
5p=vFi

% find powver in all corresponding five plsces just as solved above
pl=real (vl.*i);

p2=real (v2.%i);

p3=real (v3.*i);

p4=real (v4.*i);

pS5=real (v5.*i);

TEBESANY
sti=i.lan*
tl=ki.*(i.°2);

t2=Ki.*(il."2);
ti=ki.*(i2."2);
t4=ki.*(i3."2);
t5=Ki.*(i4.~2);

5y=(vl-ra*i)/k
w=(vl-ra*i) ./km;
vl=(v2-ra¥*il) ./km;
w2=(v3-ra*i2) ./km:
w3=(v4-ra*il) ./ km;
wid=(v5-ra*ig) ./ km;

%Plot the Current-Voltage (I-V) curve of the solar cell
plot(vl,i,v2,1i1,v3,i2,v4,13,v5,1i4);
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AXIS{[{O 47 0 4])

grid on

xlebel('Solar Cell Generator WVoltage -~ V')
ylabel ('Solar cell Generator Current - I')
title(' I-V Characteristics of & Solar Cell')

%¥Plor the Pouer-Voltage (P-V¥) curve of the solar cell
figure

plot({vl,pl,vZ,p2,v3,p3,v4,p4,v5,p5):

AXIS ({0 50 D0 125])

grid on

xlabel ('Solar Cell Generator Voltage - V')
vliabel('Sclar cell Generator Pouwer - W')

title(' Power Relationship of Solar Cell')

5Plot the zpeed-torgue (w-T) curve of the PVG coupled to a Universal
Zmotor

figure

plot(tl,w,t2,wl,t3,w2,tq,wld,t5,ud);

AXIS ({0 5 DO 10007)

grid on

xlaebel('Electromagnetic Torgue - T (N.m)')

yvlabel{'Speed- w (rad/sec)')

title(' Torgue -Speed Curve of a Universal Motor driven by a PVG')
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APPENDIX C3

MATLAB M-FILES OF THE DC AND AC EXCITATION TESTS
ON THE PV SYSTEM.

o

% AC and DC Excitmtion tests for the PV 3ystem
clear;
clc

voltege=[0,0,0, 50, 60, 70, 80,90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220] ;
accurrent=[0,0,0,0.175,0.200,0.230,0.245,0.255,0.258,0.250,0.315,0.335,0.355,0.370,0.395,0
acspeed=[0,0,0,979,2065,3310,3495, 4350, 4780, 5316, 5841, 6450, 6860, 7850, 8250, 8465, 9660, 10540,
acspeedradsec=[102.5339333,216.2743333,346.6673333,366.043,455.59, 500. 6253333 ,556.7624, 611
dccurrent=[0.14,0.17,0.18,0.19,0.21,0.23,0.25,0.27,0.29,0.31,0.315,0.315,0.32,0.33,0.34, 0.
dcspeed=[365, 1650,2615,3645,4535, 5504, 5815, 6005, 6634, 7056, 8290, 8874, 9610, 10319, 10885, 11351
despeedradsec=[38.22766667,172,81,273.8776667,361.753,474.9656667,576.4522667, 609.0243333,
pvvoltage=[B0, 75,70, 65, 60, 55, 50, 45, 40, 35,30] :
pvcurrent=[0.25,0.25,0.23,0.23,0.225,0.22,0.21,0.2,0.19,0.15,0.14] ;

pvspeed=[ 6425, 6001, 5646, 5135, 4420, 4020,3640,3220, 2878, 2165, 1600] ;
pvspeedradsec=[672.9116667,628.5047333,591.3244,537.8056667,462.9213333,421.028,3081.229333

plot(voltage,acspeed,’-',voltage,dcspeed, '~*');
grid on

xlabel ('voltage - ')

ylabel (' speed - rpm')

title('n-v graph')

figure

plot(voltage,accurrent, '-',voltage,dccurrent,'-*');
grid on

xlabel('voltage - volta')

vlabel ('current - smps')

title(' Ac end Do Currents-v graph')
figure

plot (pvvoltage, pvcurrent) ;
grid on

xlabel ('voltage - v')
ylebel ('pvcurrent - amps')
title(' n-v greaph')

figure

plot (pvvoltage, pvspeed) ;
grid on

xlabel('valtage - v')
ylabel ('pvspeed ~ rpm')
ticle(' PV n~v graph')
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APPENDIX C4

MATLAB M-FILES OF THE OPTIMUM PERFORMANCE
TESTS USING A 0.37KW INDUCTION MOTOR ON THE PV
SYSTEM .

% Optimum performance cests using & 0.37kw induction motor
clear;
clec

Current=[2.05,1.8,1.65,1.50,1.35,1.25,1.15,1.05,0.85,0.75] ;
voltage=[220,210,200, 190, 180,170, 160,150, 140, 1307 ;
power=[195,170, 150,130,115, 100,90,80,73, 65] ;

speed=[1500, 1500, 1500, 1500, 1500, 1500, 1500, 1500, 1450, 1300] ;

plot (voltage,Current);
grid on

xlabel ('Voltage - V')
ylabel ('Current - Amps')
tictle(' I-V graph')
figure

plot (voltage,3peed)
grid cn

xlabel ('Voltage - V')
ylabel ('3Speed - rpm')
title(' w-V graph')
figure

plot (voltage, power) ;
grid an

xlabel ('Voltage - V')
ylabel (' Power - Watts')
tictle(' P-V graph')
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APPENDIX D

RESEARCH PUBLICATIONS.

Parts of this thesis have been presented at international and local conferences and journals.

Some have been published already, while others are still awaiting review. They include the

following;

1.

il

iil.

iv.

V1.

vii.

Viil.

M.M. Bello and L.E. Davidson, "Economic Analysis Of A Photovoltaic Fuel Cell
Generator As A Power Supply System", Proceedings of the 15" International
Photovoltaic Science and Engineering Conference and Solar Energy Exhibition
(PVSEC-15), Shanghai City, China, October 10 -15, pp. 275-276, 2005.

M.M. Bello and LE. Davidson, "Dynamics Of A PV-Powered Fractional
Horsepower Motor", Proceedings of the 2nd International Conference on Electrical
and Electronics Engineering (ICEEE) and XI conference on Electrical Engineering
(CIE 2005), Mexico City, Mexico, September 7-9, pp. 273-277, 2005.

M.M. Bello and L.E. Davidson, "Spatial Modeling and Dynamics of a PV-Powered
Fuel Cell Generator for Renewable Energy Application" Proceedings of the IEEE-
PES 2005 Inaugural Conference and Exposition in Africa, Durban, South Africa,
July 11-15, pp. 125-131, 2005.

M.M. Bello and LE. Davidson, "Photovoltaic Fuel Cell Generators: Economic
Overview", Proceedings of Electric Power 2006 Conference, Atlanta, Georgia;
U.S.A. May 2-4, 2006. Paper accepted for publication.

MM. Bello and LE. Davidson, “Performance Analysis Of A Photovoltaic System
Coupled To A Universal Motor Using MATLAB Tool.” Proceedings of IEEE
Power Engineering Society (PES) 2006 General Meeting, Montréal, Quebec
Canada, June 18 - 22, 2006. Paper accepted for publication.

MM. Bello and LE. Davidson, “An Effective Load Management Control Of A
Photovoltaic Fuel Cell Generator." Proceedings of 41° International Universities
Power Engineering Conference, UPEC 2006, Newcastle-Upon-Tyne, United
Kingdom, Sept 6-8, 2006. Paper accepted for publication.

M.M. Bello and LE. Davidson, “Performance Analysis Of A 550w, 220v VSD Fed
From A PV-Generator Using MATLAB And DVF Tools.” IEEE Transaction on
Energy Conversion, New Jersey, U. S.A, 2006. Paper submitted for Review.

MM. Bello and LE. Davidson, "Life Cycle Costing and Economic analysis of a
PVFC Generator." ASCE Journal of Energy Engineering, Reson, VA, U.S.A. 2006.

Paper submitted for Review.
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ix. MM. Bello and LE. Davidson, "Modeling and Dynamics of a standalone PVFC
Generator" Journal of Engineering, Design and Technology, South Africa. 2006.

Paper submitted for Review.
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