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ABSTRACT

Maximizing Solar Power System's Efficiency
Using Fuzzy Logic

By:

Ahmed A. Alhaddad

Solar energy is one or renewable sources it is important in electric power generation.
There are various renewable sources. Solar energy is a good choice for electric power
generation, which is viewed as clean and renewable source of energy for the future
since the solar energy is directly converted into electrical energy by solar photovoltaic

modules which are suitable for obtaining higher power output.

This thesis proposes a solution for this problem by replacing diesel generator using
solar PV as a backup system, and a battery-bank as a storage system. Such system is
expected to: satisfy the load demands, minimize the cost, maximize the utilization of
renewable sources, optimize the operation of battery-bank which is used as backup
unit ensure efficient operation of the diesel generator, and reduce the environment

pollution emissions from the diesel generator.

This thesis presents a maximum power using fuzzy logic for a PV stand-alone system.
Since the PV array characteristic is hardly nonlinear, conventional control technique
could be inefficient for an optimal use of these systems. We know that PV systems are
still very expensive, therefore a fuzzy logic controller is proposed to ensure the
transfer of the maximum power to the system. This controller is designed to regulate
the current of the system to get the maximum power.

This thesis will focus on a small stand-alone solar power system. MATLAB software
will be used to simulate the proposed solution. Results show that the current of PV
after implementing fuzzy logic controller is more efficient, which means that more

power transfer to the system.
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CHAPTER 1 INTRODUTION

CHAPTER 1
INTRODUCTION

1.1 Background

Since the political situation in Gaza Strip and the unjust siege imposed since 2006 by
the Israeli occupation just after Palestinian election, the Power Generation Sector
faced several obstacles of Gaza Power Plant in June 2006 blocking fuel entry into
Palestinian Territories in 2008 ending with unknown and horrible situation. Thus,
there is a need for an alternative power sources for emergency cases as hospitals and
medical centers. The shortage in electric power forced hospitals and medical centers

to run their own generation units if fuel creating more pollution and noise.

Energy is central to many economic, social and environmental concerns facing the
world today. Access to clean, affordable and sustainable energy services is essential to
modern society. Developing countries need suitable access to modern energy if they
are to achieve economic growth; investment in modern energy is indispensable for a

prosper and sustainable future [1].

Over the last few years, photovoltaic (PV) technology has been developed and
upgraded its role in renewable energy sources while producing the benefits for power
production cannot be ignored and have to be considered. Nowadays, many
applications in rural and urban areas use solar systems. Many isolated loads try to
adopt this kind of technology because of the benefits which can be received in
comparison with a single renewable system [2].

The energy sector in the Palestinian territory, a developing country, suffers from
special circumstances due to unique political status of the occupied territories.
According to Paris agreement signed by the Palestinian Authority and Israel, the
Palestinian Authority was given little freedom in all aspects of energy sources
including electricity and refined petroleum products. About 140 MW Palestinian
power station was built in Gaza in 2002 and supposed to supply Gaza Strip with all of

its electrical power needs. The power station can be run using industrial fossil fuel or
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natural gas. Energy imports and fuel prices are completely controlled by Israel which

resulted in discontinuous supply in most of fuels used in the Palestinian territories. In
fact chosen renewable power sources will considerably reduce the need for fossil fuel

leading to an increase in the sustainability of the power supply.

This thesis studies the energy sector in the Palestinian territories in terms of the
quantity of energy consumption in all sectors and all types of available fuels and their
outcomes. The solar energy and its potential in the Palestinian territories were studied
in terms of the amount of incident radiation during the year and the various possible

applications, and the projects that have been implemented in various regions.

Therefore, the increase of the intensity of radiation received from the sun is the most
attainable method of improving the performance of solar power. There are many
approaches to maximize power extraction in solar systems. These methods depend on
controlling certain aspects; thus, using control methodology such as intelligent
methods is justified. Fuzzy logic controller (FLC), as an intelligent control, will be

used in this study.

The advantage of the FLC is that it does not strictly need any mathematical model of
the plant. It is based on plant operator experience, and it is simple to apply. In
addition, fuzzy logic simplifies dealing with nonlinearities in systems. A good point
about fuzzy logic control is that the linguistic system definition becomes the control

algorithm.

This thesis focuses on a small stand-alone solar power system in Gaza Strip with
maximum possible usage of solar energy as an domestic, clean and cheap source of
energy. The analysis will show that solar energy is capable of feeding the proposed
system, while diesel generator will be a standby unit; if any problem happens in the

system or in battery-bank source.

1.2 Motivation

Fuzzy logic controllers have an efficient performance over the traditional controller
researches especially in complex model systems. This motivated me to implement

FLC on the proposed system. Gaza Strip has a continuous electrical power supply
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problem, since all supply sources do not cover the required demands; thus, Gaza Strip

faces scheduled daily electrical power interruptions. This created a need to look for
other electrical power generation sources. Clean renewable energy sources that do not
depend on importing fuel are a priority. Big problem of electricity in Gaza has
motivated to investigate solar power as an application to apply fuzzy control to

increase the system efficiency

1.3 Statement of Problem

Gaza Strip is a small but one of the most density populated area in the world. About
360 square kilometers. Gaza Strip’s population is expected to grow at a rate of 4.2%
annually and reach a total of 2.13 million in 2020 [3].

Gaza Strip is supplied with electricity from three main sources: Israel Electricity
Corporation provides 120 MW to the northern and central area of the Gaza Strip.
Gaza Power Plant ("GPP") provides 70 MW to the northern and central area of the
Gaza Strip; and Egypt provides 21 MW to the Rafah area [4].

In 2013, demands reached 400 MW while the supplies dropped to 147-173 MW. This
deficit leads to extensive load shedding. Thus we can say that our society in Gaza
Strip suffers from electricity shut down so diesel generators are the temporary
solution, but not efficient because fuel is not available in all times.

One can say that the PV cells are a good solution to the electricity problem in Gaza.
On the another scope we look for increase the efficiency of PV cells which is a
another aim of this study

1.4 Objectives

We propose the use of solar power in Gaza in order to give a solution of the problem
detailed in the problem description; one way to solve the problem in the electricity in
Gaza and to provide a cost efficient system. The main objective in this study is
building a FLC to maximize the power output of the solar power system by regulating
the current supplied to the converter to get efficient output power. This increase the
efficiency of PV cells by regulating the PV current supplied to the grid system by the

line of inverter.
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1.5 Literature Review

Ricalde, et.al. [5] proposed a smart grid integrating wind, photovoltaic and batteries
into an AC bus. The solar and wind characterization taken from a meteorological
station during 2010 was presented showing the vast wind and solar energy potential in
the region. The second part was to scale the microgrid installing 20 kW in two Wind
Turbines and 7 kW in Photovoltaic modules. It dealt with Microgrids, which mean
small scale energy generation systems mainly from renewable energy. This researcher

maintained the microgrid energy balance but did not minimize the total cost.

Mets, et.al. [6] presented a distributed algorithm for residential energy management in
smart power grids. This algorithm consisted of a market-oriented multi-agent system
using virtual energy prices, levels of renewable energy in the real-time production
mix, and historical price information, to achieve a shifting of loads to periods with a
high production of renewable energy. The researchers optimized for either the
consumption of green energy or reduction of the average and peak loads for externally
supplied power. The researchers scope only for residential and did not take into

account different weather conditions.

Michiorri, et.al. [7] analyzed and tested the suitability of recent developments in
distribution networks management for facilitating the connection of distributed
renewable generators, improving the security of supply and letting customers and
other actors to provide network services. Researchers presented also preliminary
results on the works on the integration of PV production forecasts in the system.
Result cleared that performance of the algorithm need to be developed to maximize
the benefit of probabilistic forecasts in the network energy management. Researchers

did not satisfy the exact performance and work is ongoing to improve it.

Kalpesh, et.al. [8] presented an update on a case study undertaken for the underground
cable fed electrical power distribution network with two types of local grid-connected
small solar photovoltaic (SPV) systems. The distribution network was situated in an
institutional premise in Gujarat, India. Research analysis with actual load model and
actual generation data can be useful for economic viability studies of the SPV plants
for long run. On the other hand cable sections were overloaded during summer peak

load profile. Separate parallel cable sections were required to diverse the overload.
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Researchers need to install automatic switching device for capacitor bank to optimize

the use of capacitor bank which it was not satisfy in this paper.

Muoka, et.al. [9] developed models for an integrated PV power plant which comprises
PV array, SEPIC (single ended primary inductance converter) converter, bidirectional
dc-dc converter, dc-ac converter, and battery energy storage system using
Matlab/Simulink. Also, the integration of energy storage to PV system via
bidirectional dc-dc converter was invaluable in the mitigation of the problems of
intermittency and variability of a PV power generator. This study did not address how

to improve PV system it's only presented a simulation and result to the model.

Chao-Shun Chen, et.al. [10] proposed an advanced distribution automation system
(ADAS) of PV inverter control to reduce the system impact due to intermittent power
generation by renewable energy such as wind and solar power. The researcher’s
aimed for system self-healing, effective utilization of renewable energy, more active
participation of customers to improve operation efficiency of power systems. The
paper improved a suitable system for network and data center which need low power.
Researchers need to develop to achieve the desired time reduction of customer outage

duration.

AlBargouni [11] implemented of an experimental solar model for lighting an
apartment to validate the proposed solar control system taking into account the IEEE
Recommendations. The researcher re-designed and re-evaluated lighting and
controlling projects in Gaza Strip and motivates providing solutions for the current
situation. This study can be used as stand-alone system for any solar projects and

related studies.

EL-Moghany [12] presented fuzzy logic controllers that were fabricated on modern
FPGA card (Spartan-3AN, Xilinx Company, 2009) to increase the energy generation
efficiency of solar cells. Maximum Power Point Tracking in Solar Array Systems is
used in this study. The results showed that the proposed sun tracking solar array
system and MPPT were feasible methods of maximizing the energy received from
solar cells. This study used fuzzy control for tracking the sun and did not consider

regulation the current.
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1.6 Contribution

In this thesis, fuzzy logic control has been implemented to get maximum power by
regulating the current of the system, which improves the efficiency of electrical power
generated from photovoltaic module. These controllers have been tested using
MATLAB program.

1.7 Thesis Organization

The thesis is organized into five chapters. Chapter 2 introduces introduction to the
renewable power. Chapter 3 handles some basic principles of photovoltaic technology
and description of solar system. Chapter 4 focuses on Fuzzy logic control, applying
FLC in the proposed system, simulation and results. The last chapter concludes the

thesis and proposes some future work.
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CHAPTER 2
INTRODUCTION TO RENEWABLE POWER

Renewable energy sources have been important for humans since the beginning of
civilization. For centuries, biomass has been used for heating, cooking, steam rising,
and power generation; hydropower and wind energy are used for movement and later
for electricity production. Renewable energy sources generally depend on energy flow
through the Earth’s ecosystem from the insolation of the sun and the geothermal

energy of the Earth.

Furthermore, many renewable technologies are suited to small off-grid applications,
good for rural, remote areas, where energy is often crucial in human development. At
the same time, such small energy systems can contribute to the local economy and

create local jobs.

The theoretical potential of what they can produce for human needs exceeds current
energy consumption by many times. For example, solar power plants on one percent
of the world’s desert area would generate the world’s entire electricity demand today

[13]. The following sections introduces several renewable energy sources.

2.1 Wind Energy

Wind energy, in common with other renewable energy sources, is broadly available
but diffuse. Wind energy was widely used as a source of power before the industrial
revolution, but later displaced by fossil fuel use because of differences in costs and
reliability. The oil crises of the 1970s, however, triggered renewed interest in wind
energy technology for grid-connected electricity production, water pumping, and
power supply in remote areas. In recent decades enormous progress has been made in
the development of wind turbines for electricity production. Around 1980 the first
modern grid-connected wind turbines were installed. In 1990 about 2,000 MW of
grid-connected wind power was in operation world-wide at the beginning of 2000,
about 13,500 MW. In addition, more than 1 million water-pumping wind turbines

(wind pumps), manufactured in many developing countries, supply water for
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livestock, mainly in remote areas. Tens of thousands of small battery-charging wind

generators are operated in China, Mongolia, and Central Asia.

Because of the sensitivity to wind speed and altitude, determining the potential of
wind energy at a specific site is not straightforward. More accurate meteorological
measurements and wind energy maps and handbooks are being produced and mostly
published; enabling wind project developers to better assess the long-term economic

performance of their projects.

In densely populated countries the best sites on land are occupied, and public
resistance makes it difficult to realize new projects at acceptable cost. That is why
Denmark and the Netherlands are developing offshore projects as shown in Figure
2.1, despite less favorable economics. Sweden and the United Kingdom are

developing offshore projects to preserve the landscape.

Figure 2.1: Offshore wind turbines

Based on available data and topographical features of Palestine, potential of wind
energy seems to be limited to the mountains (elevation of about 1000m); regions of
Nablus, Ramallah and Hebron where the speed surpass 5 m/s and the potential about
600 kWh/m?.Initial studies shows that the wind regime is suitable for operating a
wind turbine for wind power generation in city of Hebron in West Bank. Al-Ahli
Hospital is located in the south-western part of Hebron at 1000m above sea level on a
site of 27500 m?. The average wind speed at 10 m high could be as high as 6.2m/s in
this region according to detailed data supplied by the Weather Authority. The

8
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proposed and the required wind turbine(s) to be installed at Al-Ahli Hospital are

expected to be around ~700 kW total power production capacity [14].

Generally, the wind speed in Gaza Strip is considered very low during the year. Wind
speed range between 1.9-2.5 m/sec and 2.5-3.9 m/sec in summer and winter time,
respectively. Potential wind applications are restricted partially to mechanical water

pumping [15].

Wind atlas is in the developing process for Palestinian Territories. Further researches
and more field measurements for wind are required. Utilization of wind could be

feasible in some locations for cut-off electricity production and water pumping [14].

2.2 Geothermal Energy

Geothermal energy has been used for bathing and washing for thousands of years, but
it is only in the 20th century that it has been harnessed on a large scale for space
heating, industrial energy use, and electricity production. Prince Piero Ginori Conti
initiated electric power generation with geothermal steam at Larderello in Italy in

1904. The first large municipal district heating service started in Iceland in the 1930s.

Geothermal energy process that has been declared as shown in Figure 2.2 has been
used commercially for some 70 years, and on the scale of hundreds of megawatts, 40
years, both for electricity generation and direct use. Its use has increased rapidly in the
past three decades at about 9 percent a year in 1975-1995 for electricity and at about 6
percent a year for direct use. Geothermal resources have been identified in more than
80 countries, with quantified records of geothermal use in 46 countries.

The utilization of geothermal technology as a source of energy for heating and
cooling has been started in Palestine during the MED-ENEC project in one of the
ITEHAD subdivision villas in Ramallah city and through establishing the first
company in the region utilize the geothermal energy in residential and commercial
sectors called MENA Geothermal.
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Figure 2.2: Geothermal energy process
2.3 Waves Energy

Wave power technology has been around for nearly thirty years and is considered as a
serious competitor among the renewable energies. During this period, many wave

energy devices have been invented and used, and some are only proposed as study.

This energy transfer provides a natural storage of wind energy in the water near the
free surface. Once created, wind waves can travel thousands of kilometers with little
energy losses, unless they encounter head winds. Near the coastline the wave energy
intensity decreases due to interaction with the seabed. Energy dissipation near shore
can be compensated by natural phenomena as refraction or reflection, leading to

energy concentration.

There are many designs available to extract energy from waves. Deciding on a locally
viable configuration would first involve the collection of wave height and wave
period data over time. A statistical model could then be built up and theoretical values

determined.

10
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A viable offshoot of wind energy is wave energy. Waves occurring in ocean water can

contain considerable power. For example a ~ 2m high ocean wave with a period of
~10sec has an energy flux of between 50 to 70 kW per meter of width. Actual efforts
to harness this energy have been ongoing for many years. Records of successfully
installed wave power generating systems include a system in California
commissioned in 1909 (Twidell and Weir 2006) [16].

The present in Gaza Strip introduces one of such energy conversion devices. The
main theme of the present prototype is based on converting the kinetic and potential
energies, that exist in moving sea waves, into potential energy as the water is stored in
an elevated reservoir. The stored water can then be fed through a turbine (and a

generator) to generate electricity.

i, LI DAL —— £ e g o

Figure 2.3: Wave Energy Conversion Device - Gaza

Based on assumed electrical-power requirement (1.5 kWh per day) and available
conditions, the present model was designed, analyzed, fabricated, and finally tested on
Gaza shoreline for few days see Figure 2.3. Several modifications were introduced
whenever needed. These modifications were adopted according to results obtained
during three different experimental phases. The present device produced average
filling rates, at 15-m head, that would generate about 55% of the assumed power with

a device efficiency of 85.7%. The preset study, also, indicated that short and wide

11
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pistons should be used in similar applications. Results obtained are very satisfactory

and encouraging to continue research in this field [17].

2.4 Solar Energy

Solar energy is the direct conversion of sunlight into electricity by using the
Photovoltaic modules. This can be done by flat plate and concentrator systems. An
essential component of these systems is the solar cell. The photovoltaic effect the
generation of free electrons using the energy of light particles takes place. These
electrons are used to generate electricity.

Solar radiation is available at any location on the surface of the Earth. The maximum
irradiance of sunlight on Earth is about 1,000 watts on square meter, irrespective of
location. It is common to describe the solar source in terms of insolation the energy
available per unit of area and per unit of time (such as kilo-watt-hours per square
meter a year). Measured in a horizontal plane, annual insolation varies over the
Earth’s surface by a factor of 3 from roughly 800 kilowatt-hours per square meter a
year in northern Scandinavia and Canada to a maximum of 2,500 kilowatt-hours per
square meter a year in some dry desert areas. The differences in average monthly
insolation (June to December) can vary from 25 percent close to the equator to a
factor of 10 in very northern and southern areas as shown in Figure 2.3, determining
the annual production pattern of solar energy systems. The ratio of diffuse to total
annual insolation can range from 10 percent for bright sunny areas to 60 percent or
more for areas with a moderate climate, such as Western Europe. The actual ratio

largely determines the type of solar energy technology that can be used.

- L A =4

>2800 KWh / m2
2701 - 2800
2601 - 2700
2501 - 2600
2401 - 2500
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Figure 2.4: Yearly sum of direct beam insolation in the world
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CHAPTER 2 INTRODUCTION TO RENEWABLE POWER

The average power density of solar radiation is 100-300 watts a square meter. The net
conversion efficiency of solar electric power systems (sunlight to electricity) is
typically 10-15 percent. So substantial areas are required to capture and convert
significant amounts of solar energy to fulfill energy needs (especially in industrialized
countries, relative to today’s energy consumption). For instance, at a plant efficiency
of 10 percent, an area of 3-10 square kilometers is required to generate an average of
100 megawatts of electricity-0.9 terawatt-hours of electricity or 3.2 pet joules of

electricity a year using a photovoltaic system.

The PV electrification could be using the decentralized stand alone and centralized
systems depending to the nature of the load and the distribution of houses.
Photovoltaic electrification is limitedly used in different rural areas in Palestine
mainly for schools, clinics, bedouins, communities, agricultural and animal farms, and

private homes. The total installed capacity is about 50 kW [14].

2.4.1 Solar Radiation in Gaza

Solar insulation in Gaza Strip is relatively high. The daily average on horizontal
surface is about 222 W/m2, which is varying during the day and throughout the year
(5.58 kWh/m2 day) [15].

2.4.2 Potential of Solar Energy in Gaza

Flat plate solar collector is widely used in Gaza Strip since early seventies. More than
95% of houses use solar energy for domestic water heating according to 1996
statistics; however, the percentage has dropped due to the increasing number of
apartment buildings that are not equipped with central solar water heating systems.

The flat plate solar collector usually used as equipped with auxiliary 3.0 kW electric

heaters that are mainly used in wintertime.

Photovoltaic systems in Gaza Strip are rarely used in very limited applications such as
remote area housing and water pumping. This is due to the high cost of the system
that gives electricity with estimated cost of 0.4 USD/kWh compared with cost to
value of 0.14 USD/kWh for the electricity from the grid.

13
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Solar energy is considered as potential resources in spite of the wide spread of usage

of solar collectors. Potential applications include solar water desalination, solar

pumping, solar crop drying and remote area electrification.

The policy of PV electrification focuses on settling the communities threatened from
land confiscation and people eviction due to occupation practices especially after
construction of the separation wall. It is urgently needed to enhance the living
conditions of these communities by offering more and better quality services and
implementing sustainable development plans. The policy contributes to development
of renewable energy resources and reliance reduction on imported fuels, and

eventually leads to environment protection and sustainable development [15].

The most recently PV electrification project was implemented by the energy research
center at Al-Najah National University. It is about electrifying a Palestinian village
Atouf by PV centralized power system. The village includes 25 houses, school, and
clinic with power capacity about 24 kW. The project is considered a successful
renewable energy application in Palestine. The project was financed by EU. This
project is financed by UNDP/PAPP [14]. In Gaza many project were installed, one of
these in University College for Applied Sciences which powered of 6 kW to feed last
floor. Al-Naser hospital project which give 14 kW and feed intensive care unit, Al-
Shefa hospital produces a solar system with 4.2 kW and specially feed intensive care
unit. Solar panels for home usage are available in Gaza Strip. We focus in some

project implemented in Gaza Strip:

1. University College of Applied Sciences (UCAS) is the first academic institution in
the Gaza Strip to start a solar Energy project

Figure 2.5: Solar energy project in UCAS
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UCAS opening of the first solar energy project which aims at using clean renewable
energy as an alternative to the non-renewable environment-unfriendly energy. UCAS
has started the initiative of establishing the first clean alternative renewable energy
which is used to feed the 8th floor of the Administration building which contains

several study rooms and administrative ones as well as operating the fans.

On the other hand, the project is the first in its medium capacity which aims at
generating 6 kW through the transformation of solar energy to electricity that fits with
the local network of 220 V. The system consists of 32 optical cells of 320 W which
have been set at the roof of the administration building of UCAS. Those cells feed the
control unit which in turn feed the main network through the reflection and a battery
charger that is used in the case of shortage in solar energy to work for around 4-5

hours.

2. Al-Naser Hospital Solar Energy project in the Gaza Strip

Figure 2.6: Solar energy poject in AI-Ner hospital

Al-Naser hospital opened the largest solar power system in Gaza to feed the intensive

care unit.

This new system will increase the production of electrical power of 20 kW, pointing
out that the energy authority will oversee the project to measure its performance and

take its advantage in the upcoming projects.
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3. Al-Shifa Hospital solar Energy project in the Gaza Strip

Figure 2.7: Solar energy project in Al-Shifa hospital

Al-Shifa hospital produces solar energy to work for the replacement of the power
supply which is currently missing from the sector by a large margin, due to the
electricity black-out that affected the health facilities. The project installed consist of

18 panels scanned on the surface, this system feed intensive care unit.

The PV panels shipped 12 batteries, each one about 60 V. Direct Current (DC) is
capable of producing 4 kW of electricity after conversion to Alternating Current (AC)
unusable through an inverter. The current exponential surplus is converted to 5 beds
in cardiac care department equipped with private after converting it to AC current.
Batteries store energy exotic light from the sun during the day while preventing
current surplus to beds care , while taken advantage of these batteries with the sunset
and nightfall in the supply of family sick installed on them Equipment private
electricity , indicating that the dump 12 battery fully takes 6 hours.

For future the use of renewable energy in electricity generation, There is a serious
thought to run sections sensitive within the hospital, such as processes, laboratories
and incubation of premature infants by solar energy, but noted at the same time to the
problem of providing places can accommodate large numbers of photovoltaic cells for

power generation Electricity.

The data presented in this chapter show that there is a not good potential for solar
energy applications such as solar water desalination, solar pumping, solar crop drying
and remote area electrification. So we need encourages local authorities to spread of
this technology and set rules and policies concerning the treatment of solar usage of

renewable energy.
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CHAPTER 3
PV TECHNOLOGY AND SOLAR SYSTEM

The sun is the largest energy source of life. It is the ultimate source of most of
renewable energy sources. Solar energy can be used to generate electricity in a direct
way with the use of photovoltaic modules. Photovoltaic is defined as the generation of
electricity from light where the term photovoltaic is a compound word which comes
from the Greek word for light "photo”, with, volt, which is the unit of electromotive
power. The technology of photovoltaic cells was developed rapidly over the past few
decades. Nowadays the efficiency of the best crystalline silicon cells has reached 24%
for photovoltaic cells under laboratory conditions and for that used in aerospace
technology and about 14-17% overall efficiency for those available commercially
[18].

3.1 Solar Cells: Construction and Operation

3.1.1 Photovoltaic construction

A solar cell is considered the basic part in the photovoltaic system. It is a device that
converts light energy into electrical energy by the photovoltaic effect. Solar cells are
often electrically connected and encapsulated as a module. PV modules often have a
sheet of glass on the front (sun up) side, allowing light to pass while protecting the
semiconductor wafers from the elements (rain, hail, etc.). Solar cells are also usually
connected in series in modules, creating an additive voltage. Connecting cells in
parallel will yield a higher current. Modules are then interconnected, in series or

parallel, or both, to create an array with the desired peak DC voltage and current.

PV cells consist basically of a junction between two thin layers of semi conducting
materials, known as p (positive) type semiconductors and n (negative) type
semiconductors. The p-type semiconductor is created when some of the atoms of the
crystalline silicon are replaced by atoms with lower valence like boron which causes
the material to have a deficit of free electrons. The n-type semiconductor is created

when some of their atoms of the crystalline silicon are replaced by atoms of another
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material which has higher valence band like phosphorus in such a way that the

material has a surplus of free electrons.

The photovoltaic cell consists of 6 different layers of materials as shown in figure 3.1.

Sun Light

% Back contact (D) Coniact grid
P iype 5i (E) Antireflective coating
(©) niype 5i {F) Cover glass

Figure 3.1: Silicon PV cell construction
3.1.2 Photovoltaic operation

When the photovoltaic cell becomes exposed to the light beam which consists of
photons, the electrons are stimulated. The electrons start moving rapidly, jump into
the conduction band and they leave holes in the valence band. Some of the electrons
are attracted from n-side to combine with holes on the nearby p-side. Similarly, holes
on the near p side are attracted to combine with the electrons on the nearby n-side.
The flow of the electrons from one semiconductor to the other creates the electric

current into the photovoltaic cell.

If a variable load is connected through the terminals of the PV cell, the current and the
voltage will be found to vary. The relationship between the current and the voltage is
known as the I-V characteristic curve of the PV cell. The I-V curve for a typical

silicon PV cell under standard conditions is shown in figure 3.2.
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Figure 3.2: I-V characteristic curve of a typical Si cell
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To measure the I-V characteristic of a PV cell and to find the maximum power point,
an international standard conditions shall be fulfilled. These standard conditions are:
irradiance level that shall be 1000 W/m?, the reference air mass that shall be 1.5 solar
spectral irradiance distributions, and cell or module junction temperature that shall be
of 25°C [18].

Open circuit voltage (Voc) is the voltage appears across the terminals of the PV cell
when it is open circuited, while short circuit current (Isc) is the current passes through
the short circuit when the terminals of the PV cell are short circuited. The term fill-
factor is defined as the ratio between the maximum power delivered by the PV cell

and the product of open circuit voltage and the short circuit current of the cell.

The cell will deliver maximum power at maximum power point (MPP) on the I-V
characteristic curve which represents the largest area of the rectangular under the I-V
characteristic. A technique to utilize effectively the photovoltaic is known as a
maximum-power- point tracking (MPPT) method, which makes it possible to acquire
as much power as possible from the photovoltaic, this is accomplished by a built in
circuit in the charger controller or in the inverter circuit following the PV module.

The efficiency of a solar cell is defined as the power produced by the cell at MPP

divided by the power of radiation incident upon it [19].

3.1.3 Photovoltaic mathematical modeling

The equivalent circuit diagram of an ideal solar cell is shown in Figure 3.3.

I
& lov
g —

f\{z/
<
E

Figure 3.3: Equivalent circuit of an ideal solar cell
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The mathematical function of an ideal illuminated solar cell is given in the following

equation [20]:
gV
—ly =1, 1 * KT —1) (3.1)

v = lon

Where:

I, load current [A]
I, - photon current which represents the short circuit current Isc [A]

| : saturation current [A]

q : electron charge [ e = 1.602*10 — 19 C]

V, : which represents the PV voltage (VPV ) [V]
K, : Boltzmann constant [ 1.38*10 —23 J/K]

T : diode absolute temperature [°K]

3.1.4 Temperature and solar radiation effects on PV performance

The two most important effects that must be considered are due to the variable
temperature and solar radiation. The effect of these two parameters must be taken into

account when sizing the PV system.

Temperature effect: This has an important effect on the power output from the cell.
The temperature effect appears on the output voltage of the cell, where the voltage
decreases as temperature increases. This decrease for silicon cell is about 2.3 mV per

1°C increase in the solar cell temperature.

The solar cell temperature Tc can be found by the following equation [19]:

NOCT-1

TC = Tamb + (|: 800

}*G ) (3.2)
Where:

T, . ambient temperature in °C

amb -
G: solar radiation in W/m?
NOCT: Normal Operating Cell Temperature which is defined as
the cell temperature when the module operates under the following conditions at open

circuit;
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Solar radiation : 800 W/m2

Spectral distribution:  AM1.5

Ambient temperature : 20 °C
Wind speed : >1ml/s

Solar radiation effect: The solar cell characteristics are affected by the variation of
illumination. Increasing the solar radiation increases in the same proportion the short
circuit current. The following equation illustrates the effect of variation of radiation

on the short circuit current:
1..(G) = I (at 1000 W/m?) * (G (in W/ m?) /1000) (3.3)

The output power from the PV cell is affected by the variation of cell temperature and
variation of incident solar radiation. The maximum power output from the PV cell can

be calculated using the following equation [19]:

G
Pouipe = Propy * (G )% K (Te T )] (3.4)
Where:
Pout_py - OUtpUt power from the PV cell

P,_,, : rated power at reference conditions

G : solar radiation in W/m?

G, : solar radiation at reference conditions (1000 W/ m2)

ref

T, : cell temperature.

T .. : cell temperature at reference conditions (25 °C)

ref

K : temperature coefficient of the maximum power (- 3.7 *10 — 3/ 1°C)

The following equation can be used to calculate the cell temperature approximately if

the NOCT is not given by the manufacturer [19]:

T.=T,,+(0.0256 * G) (3.5)

Where, T,, T,,.,, and G are as defined before.

amb !
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3.2 Solar Radiation in Palestine

Solar radiation data during a year are very important and essential for design and
sizing of PV power systems. Solar radiation measurements in addition to temperature
measurements are necessary to calculate the output power of the PV system. Solar
radiation and temperature measurements shall be available on hourly basis to be used

by the simulation program for the evaluation process [15].
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Figure 3.4: Variation in solar radiation in Gaza Strip

3.3 Main PV Cell Types

The material that is widely used in the industry of PV cells is silicon. Silicon can be
found inside the sand in the form of silicon oxide (SiO;). Depending on the structure
of the basic material from which PV cells are made and the particular way of their

preparation, PV cells can mainly be categorized as follows [21]:

1. Mono-crystalline: The efficiency of a single crystal silicon cell varies between
13-16% and it is characterized by a high cost for manufacture and has a dark

blue color.

Figure 3.5: Monocrystalline Solar Panels
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2. Poly-crystalline: Its efficiency varies between 10-14% and it is characterized

by lower cost silicon which is used in manufacture and has light blue color.

Figure 3.6: Polycrystalline Solar Panels

3. Amorphous (non crystalline) silicon: This type of photovoltaic cells achieves
maximum efficiency not more than 10%. Production cost is much cheaper

than what is for the previous two types. Its efficiency degrades with time.

Figure 3.7: Amorphous Solar Panels

Other types of PV cells use other materials or compounds rather than silicon. Other
innovative PV technologies use multi-junction in manufacturing the PV cells which

depend on wavelength of light and its efficiency reach 30% [18].

3.4 PV Solar Cell Technology

In contrast to widely-used electricity generation technologies, photovoltaic systems
produce little environmental pollution. However, there are numerous materials and
energy inputs that go into the fabrication of the components of PV systems that may

carry significant environmental burdens.
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3.4.1 Recent technology in manufacturing PV modules

Crystalline silicon was the original materials technology used by the PV industry to
manufacture solar cells. First widely used in space satellites, conventional crystalline
silicon solar cells are fabricated in a step-and repeat, batch process from small wafers
of single crystal or polycrystalline silicon semiconductor materials. Although,
substantial advances have been made in the development of this technology, the cost
of crystalline PV modules is still high because of materials costs and numerous
processing steps that are needed to manufacture the modules. Crystalline silicon solar

modules are bulky, break easily, and consume more energy in manufacturing.

A major cost limitation of the current dominant silicon solar cell technologies, which
are fabricated using traditional crystalline and polycrystalline silicon based processes,
is with the large volume of material used and the associated expensive assembly and
interconnection methods required to produce the large area products required for

substantial power generation.

For the past 15 years a new kind of PV has emerged based on thin-film
semiconductors deposited on a variety of substrates. The most common of these thin
films currently in use is amorphous silicon (a-Si). The PV cells built from it are
invariably less efficient than crystalline PV, but thin film PV counters this with a host
of advantages including relatively low cost of manufacture, flexibility and savings on
materials. The last of these factors has proved especially importance, since there has

been an ongoing shortage of silicon that has plagued the industry [22].

Amorphous silicon PV modules were the first thin-film PV modules to be
commercially produced and are presently the only thin-film technology that has had
an impact on the overall PV markets. However, the efficiencies of these modules have
not yet reached levels that were predicted in the 1980's. To a significant degree this is
due to the intrinsic degradation of a-Si under illumination. The amount of light-
induced degradation can be limited to 20% in modules operating under outdoor
conditions. Both material processing schemes and device design schemes have been
developed to improve the stabilized solar cell efficiency of a-Si solar cells. The use of

multi-band gap multi junction devices (allowing the use of thinner absorber layers in
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the component cells) and the use of light-trapping appear to be the most powerful

device design techniques to improve stabilized device performance. Presently,
champion cells have stabilized efficiencies of 12% and champion modules have

stabilized efficiencies of over 10% [23].

3.4.2 Energy payback of PV cells

There is a significant energy input needed for manufacturing PV equipment. This
manufacturing energy input has been reduced during the research and development
efforts of the past decades, although there is still room for considerable

improvements.

A common method used to express economic costs of electricity-generating systems
is to calculate a price per delivered kilowatt-hour (kWh). The solar cell efficiency in
combination with the available irradiation has a major influence on the costs, but
generally, the overall system efficiency is important. Using the commercially
available solar cells and system technology leads to system efficiencies between 5 and
19%. In 2005, photovoltaic electricity generation costs ranged from ~0.60 US$/kWh
(central Europe) down to ~0.30 US$/kWh in regions of high solar irradiation.
Recently in 2013 world record solar cell with 44.7% efficiency, made up of four solar
sub cells based on compound semiconductors for use in concentrator photovoltaic
[24]. This electricity is generally fed into the electrical grid on the customer's side of

the meter.

Another approach to look on the energy cost production of PV modules, the
environmental effects while manufacturing PV modules, the amount of energy
required during manufacturing PV modules, and comparison between different
technologies in manufacturing PV modules, is to calculate the energy payback time of
a module. The energy payback time is one standard of measurement adopted by
several analysts to look at the energy sustainability of various technologies. It is
defined as the time necessary for a photovoltaic module to generate the amount of

energy used to produce it.

The energy payback time of a photovoltaic cell is an indication about the energy

required to make a cell compared to how much it could generate in its lifetime. The
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energy payback time of a modern photovoltaic module is anywhere from 1 to 20 years

(usually under five) depending on the type and where it is used. This means that they
generate more energy over their lifetime than the energy expended in producing them
[25].

Parameters determine the energy payback time for a PV module is: manufacturing
technology used to produce PV panel, the amount of illumination that the system
received, and the conversion efficiency of the PV system. The energy needed to
produce a product includes both the energy consumed directly by the manufacturer

during processing, and the energy embodied in the incoming raw materials.

How a PV module is used is primarily a question of location and module efficiency.
By determines the solar radiation, and combined with efficiency, determines the
electrical output of the PV module. But installation details are also important (fixed
tilt or tracking, grid-connected or stand-alone, etc.), as are balance of system

requirements such as mounting structure, inverter, and batteries [26].

Until now the silicon cells in the photovoltaic industry have mostly been made from
material that has been rejected by the micro-electronics industry. This silicon is of
unnecessarily high quality for PV and it is believed that to use lower-grade silicon

would substantially reduce the energy input [27].

3.5 Solar power system

The main building constructions of the proposed solar power system are PV panels,
Controller, DC-AC inverter, and also diesel generator.
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Figure 3.8: Typical PV power system
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1. Solar PV

The word ‘photovoltaic’ consists of the two words, photo and Volta. Photo stands for
light is the unit of the electrical voltage. In other words, photovoltaic means the direct
conversion of sunlight to electricity [28]. Solar PV modules collect the solar energy

and convert it into direct current (DC) electricity.

2. Battery-bank

Batteries in PV system are needed when sunlight is unavailable. So the longest period
without sunlight is an important factor in sizing batteries with considering cost effect.
In the previous designs, batteries were not selected carefully to overcome the absence
of sunlight. Battery-bank can be connected to the system with a photovoltaic inverter.
PV generators can be combined with a wind generator or diesel generator to create a
hybrid system; thus reducing energy costs and increasing system reliability; however,

operating complex systems needs a complex energy management system [28].

3. DC/DC converter

To connect a PV to an external system, it is necessary to boost its voltage or to
increase its number. Therefore, a boost converter is used. A boost converter is a class
of switching-mode power supply containing at least two semiconductor switches and
at least one energy storage element. In addition, a capacitor is often added to the
output of the converter to reduce the ripple of its output voltage [29]. There are three
types of DC-DC converter:

e Buck converter (Step-down converter).

e Boost converter (Step-up converter) which is used in the research.

e Buck-Boost converter (Step-down/step-up converter).

Boost Steady-State Continuous Conduction Mode (CCM)

In continuous conduction mode, the boost power stage assumes two states per
switching cycle. In the on state, Q1 is on and D1 is off. In the off state, Q1 is off and
D1 is on. A simple linear circuit can represent each of the two states where the
switches in the circuit are replaced by their equivalent circuit during each state. Figure

3.9 shows the linear circuit diagram for each of the two states.
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Figure 3.9: Boost Power Stage States

In the On-state, the switch is closed, resulting in an increase in the inductor current.
In the Off-state, the switch is open and the only path offered to inductor current is
through the fly back diode D, the capacitor C and the load R. This result in

transferring the energy accumulated during the On-state into the capacitor.
The duration of the on state is DX Ts=Ton, Where D is the duty cycle set by the

control circuit, expressed as a ratio of the switch on time to the time of one complete

switching cycle, Ts. The duration of the off state is Torr [30].
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Figure 3.10 show the voltage and current waveforms for boost converter
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Figure 3.10: CCM Boost Power Stage Waveforms

Therefore, these two equations can be equated and solved for Vo to obtain the

continuous conduction mode boost voltage conversion relationship:

T, T
Vo :(Vi _IL*RL)*(]-"'i)_Vd _VQ *(Tﬂ)
OFF OFF
And
_ Ton :TON
Ton + Torr T
T
1-D)=_°F
(1-D) T
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The steady-state equation for Vo is:
_ Vi _VL *R L

D
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The above voltage conversation relationship for Vo illustrates that Vo can be adjusted
by adjusting the duty cycle, D, and is always greater than the input because D is a
number between 0 and 1. A common simplification is to assume Vg, Vd, and
R. are small enough to ignore. The above equation simplifies considerably to:

Vy =—— (3.10)

4. Inverter

An AC averaged switched model inverter is implemented using to convert the direct
current (DC) into alternating current (AC), at a switching frequency (fs) greater than
the AC line frequency (50Hz - 60Hz) and feeds it into an existing electrical grid.

Equation (3.7) describes the relation between the input and the output voltage:

V, =V, (2D-1) (3.11)

Where:
D: Duty cycle

Types of Solar Panel Power Inverters:

Stand Alone (Off-Grid) Inverters: They are the inverters that work separately from
the grid. Electronic devices are connected to the inverter output directly. The main
reason why they work separately from the grid is because there is no hardware that
would enable them to work synchronously with the grid.

Stand-Alone inverters have DC input and AC output units. Output wave doesn't
necessarily have to be full sine. They can have modified sine or true sine output

structures. We will go into detail on those wave types shortly.
Grid Tie (Synchronous) Inverters: These are the inverters that are connected to the

grid. The sine wave of the grid shows V-T (voltage-timing) compatibility. When the
voltage of the grid has pick value, the inverter output voltage is also the same [29].
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CHAPTER 4
SYSTEM DESIGN AND RESULTS

4.1 Introduction

Lotfi Zadeh conceived the concept of Fuzzy Logic (FL) in early 1960's [31]. Zadeh
reasoned that people do not require precise, numerical information input, and yet they
are capable of highly adaptive control [32]. This approach to set theory was not
applied to control systems until the 70's. In 1974; Mamdani proposed to control a
steam engine where the fuzzy inference system proposed by Mamdani is known as the

Mamdani model in fuzzy system literature.

Benefits and Application of FL

e Fuzzy logic is used to control the complex and nonlinear systems without
making analysis for these systems.

e Fuzzy control enables engineers to implement the control technique by human
operators to make ease of describing the systems [33].

e Fuzzy logic is flexible with any given systems [34]. If any changes are
happening in the system we do not need to start from the first step, but we can
add some functions on top of it.

e Fuzzy logic can be blended with conventional technique to simplify their
implementation.

There are many more applications of fuzzy logic.
e In washing machine, there is a soft and bad manner clothes, and there are
different quantities of laundry. Control of washing cycle is based on these date.
e Robotics controls, Refrigerators for temperature control.

e Engine Control in the modern cars.

4.2 Fuzzy Sets
In crisp sets, an element in the universe has a well-defined membership or non-
membership to a given set. Membership to a crisp set E can be defined through a

membership function defined for every element x of the universe as:
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But for an element in a universe with fuzzy sets, the membership function can take
any value between 0 and 1. This transition among various degrees of membership can
be thought of as conforming to the fact that the boundaries of the fuzzy sets are vague
and ambiguous. An example of a graphic for the membership function of a crisp set is
illustrated in Figure 4.1.

Fuzzy membership of an element from the universe in this set is measured by a
function that attempts to describe vagueness. In fuzzy logic, linguistic variables take
on linguistic values which are words with associated degrees of membership in the
set. Thus, instead of a variable temperature assuming a numerical value of 70 Co, it is
treated as a linguistic variable that may assume, for example, linguistic values of
“hot” with a degree of membership of 0.92, "very cool" with a degree of 0.06, or
"very hot" with a degree of 0.7. Each linguistic term is associated with a fuzzy set,

each of which has a defined membership function.

Membership ‘

value p,(x) classical or crisp set
1.0 o ;—T.
Fuzzy set
0.0 »"‘
X, X,

Figure 4.1: Fuzzy and Classical sets

Formally, a fuzzy set is defined as a set of pairs where each element in the universe F

has a degree of membership associated with it:

E ={(x,nEM®) | X € F, pnE(x) €[0,1]} (4.2)

The value pE(x) is the degree of membership of object x to the fuzzy set E where
nE(x) = 0 means that x does not belong at all to the set, while pE(x) = 1 means that
the element is totally within the set [33].
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Every fuzzy set can be represented by its membership function. The shape of

membership function depends on the application and can be monotonic, triangular,

trapezoidal or bell shaped as shown in Figure 4.2 [35].

05

@ @

(e)

0
-100 0 100 -100 0 100 -100 0 100 -100 0 100
{c) (f) (1) |

]

—

Figure 4.2: Different shapes of membership functions (a) s_function, (b) =_function, (c)
z_function, (d-e-f) triangular versions, (g-i) trapezoidal versions, (J) flat z function, (k)
rectangle, (L) singleton.

The membership function could be defined as a graphical representation of the
quantity of participation of the inputs. It links a value with each of the inputs
parameters that are treated, defines functional overlap amongst inputs, and finally
defines an output parameter. The rules usually take the input membership parameters
as features to establish their weight over the "fuzzy output sets" of the final output
response. Once the functions are deducted, scaled, and combined, they have to be
defuzzified into a crisp output which leads the application. There are some different
memberships functions linked to each input and output parameter [36].

As an example to represent the property: warm of the linguistic variable
"temperature™ shown in Figure 4.3. If the measured temperature in one system is X,
then the level of membership of x in the fuzzy set positive small is given by p(x) and
it is 0.7. We can say that the level of truth for the proposition:" The temperature X is

warm is 0.7 or 70%".
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1 Walm

H(x)=0.7

L.

| 1 | I -
X Temperature

Figure 4.3: Membership function example (warm temperature)

One of the first steps in every fuzzy application is to define the universe of discourse
(dynamic range) for every linguistic variable. The set of terms: T(temperature) can be
characterized as fuzzy sets whose membership functions are shown in Figure 4.4.

Every fuzzy set in a universe of discourse represents one linguistic value or label.

Cold Cool Normal Warm Hot

| i ! » Temperature
t1 t2 t3 t4 t5 t6 t7

Figure 4.4: Universe of discourse for linguistic variable: temperature

Basic operations on sets in crisp set theory are the set complement, set intersection,
and set union. Fuzzy set operations are very important because they can describe
intersections between variables for a given element x of the universe, the following
function theoretic operations for the set theoretic operations of complement,

intersection, and union are defined in reference [37].
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4.3 Fuzzy Logic

Fuzzy Logic is a control system methodology designed for solving problems
implemented in a widely range of systems such as: simple and small devices,
microcontrollers, large systems joined to networks, workstations or normal control

systems. It may be developed in hardware, software, or both in combination [38].

Fuzzy logic extends conventional Boolean logic to handle the concept of the partial
truth the values falling between “totally true” and “totally false”. These values are
dealt with using degree of membership of an element to a set. The degree of
membership can take any real value in the interval [0, 1]. Fuzzy logic makes it
possible to imitate the behavior of human logic, which tends to work with “fuzzy”
concepts of truth [34].

Fuzzy Logic shows a usual rule-based IF condition AND condition THEN action. It
approaches to a solving control problem rather than intending to model a system
based on math’s. The Fuzzy Logic model is based on empiric experience, relying on a
number of samples rather than some technical understanding of the problem to be
solved [39].

4.3.1 Fuzzy Logic Controller Structure

The basic parts of every fuzzy controller are displayed in Figure 4.5 [32] .The fuzzy
logic controller (FLC) is composed of a fuzzification interface, knowledge base,

inference engine, and defuzzification interface.

Crisp Fuzzified Fuzzy Crisp
imputs inputs concllusions outputs

" A}

1 >
L o
1 Inference - \,
——>»|| = ™ mechanism .S |p—>
E 3
L] o = *
iz ) N
- .:: S -
. ~ = -
2 - 2
", = Rule-base all x,
— >

Figure 4.5: Basic parts of a Fuzzy Controller
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The fuzzifier maps the input crisp numbers into the fuzzy sets to obtain degrees of

membership. It is needed in order to activate rules, which are in terms of the linguistic
variables. The inference engine of the FLC maps the antecedent fuzzy (IF part) sets
into consequent fuzzy sets (THEN part). This engine handles the way in which the
rules are combined. The defuzzifier maps output fuzzy sets into a crisp number, which
becomes the output of the FLC [40].

4.3.2 Fuzzification

The first step in fuzzy logic processing the crisp inputs is transformed into fuzzy
inputs (Figure 4.6). This transformation is called fuzzification. The system must turn
numeric values into language and corresponding domains to allow the fuzzy inference
engine to inference to transform crisp input into fuzzy input, membership functions
must first be defined for each input. Once membership functions are defined,
fuzzification takes a real time input value, such as temperature, and compares it with
the stored membership function information to produce fuzzy input values.
Fuzzification plays an important role in dealing with uncertain information which

might be objective in nature.

Crisp Input
Input Membership Fuzzy
Function Fuzzification Input

A Membership Fun

Degree of
Membershi

Crisp input

Figure 4.6: Fuzzification
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4.3.3 Fuzzy Interference

Knowledge base is the inference basis for fuzzy control. It defines all relevant
language control rules and parameters. The knowledge base is the core of a fuzzy

control system.

Basically a linguistic controller contains rules in the (if-then) format [35]. The Rule
base is the cornerstone of the fuzzy model. The expert knowledge, which is assumed
to be given as a number of if-then rules, is stored in a fuzzy rule base [40]. The rules

may use several variables both in the condition and the conclusion of the rules.

There are many inference methods, which deals with fuzzy inference like: Mamdani
method, Larsen method, Tsukamoto method, and the Sugeno style inference, or
Takagi-Sugeno-Kang (TSK) method. The most important and widely used in fuzzy

controllers are the Mamdani and Takagi-Sugeno methods.

4.3.4 Defuzzification

The reverse of fuzzification, defuzzification [41] converts the resulted fuzzy sets
defined by the inference engine to the output of the model to a standard crisp signal.
This process gives output control signals to the controlled system [34]. There is no
systematic procedure for choosing a good defuzzification strategy, but the selection of
defuzzification procedure depends on the properties of the application [42].

There are several methods available for defuzzification of fuzzy control inference;
these methods can be classified into different classes based on a common basis [43].

The most important one for control are described in the following:

Center of gravity (COG):

It is a basic general defuzzication method that determines the value of the abscissa of

the center of gravity of the area below the membership function (Figure 4.7).

pIRTIHEY (4.6)
COG =t

> ()
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CoG X
Figure 4.7: Center of gravity (COG) defuzzification method

For more details about other methods you can see reference [43].

4.4 Fuzzy Logic Control in Solar Power System
4.4.1 Fuzzy Logic Controller

In this study the proposed Fuzzy controller, as shown in Figure 4.8, has two inputs,
i.e. error and change in error of the reference current with membership functions, the
output is the desired current. Each input has seven linguistic variables. FLC has been

constructed and the block diagram shows the FLC for the of proposed PV control
system.

o1
MUREED
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| = |

b

Sl e

Back-bawd
conert
A
/1
Limd

100
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—eeeee e A

Fuzey logic

gontroller

Figure 4.8: The block diagram of proposed PV control system

4.4.2 FLC design

FLC has two inputs which are: error and the change in error, and one output feed the
charge controller. Input of the FLC will be current and the voltage constant as shown
in Figure 4.9. Rules of controller depend on a relation of error and change of error for

PV current. As an example if the error is positive (desired current —reference current)
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and the change error (error — past error) is negative which means that the response is

going in the increase; hence, the FLC will go forward in this direction.

Using the same criteria when the error is negative and change of error is bigger

negative; hence, the response is going in decrease.

BOOST CONVERTER

r—————— — — — — = =
I L o |
T -
+
I |
" | \1(‘)‘\'EFT||. — |
PANEL o | ‘
| | Vot
1
Ny ! R
—t
v 13+ Desired
FUZZIFICATION] FUZZY R B —
Tews - | Thiy, [ pEFUZZIFICATION current
Reference FUZZY BLOCK
current

Figure 4.9: FLC controller

There are two widely used approaches in FLC implementation: Mamdani and Sugeno.
In this thesis, Mamdani approach has been used to implement FLC for solar power
system. FLC contains three basic parts: Fuzzification, Base rule, and Defuzzification.

Figure 4.10 illustrates the fuzzy inputs and output of the FLC

FIS Editor: System test = | B S
File Edit View
System test
Erru:lrE
/ (mamdani}
XX |
Chang_f_
FIS Mame: System test FIS Type: matmdani
And method — - Current Variahle
Or metho e - | |Mame Error_E
T inpLt
Implication — - ¥RE e
Range [-0.5 0.5]
Aggregation —oe -
Defuzzitication T - Help Close
System "System test" 2 inputs, 1 output, and 49 rules

Figure 4.10: The interface of FLC for system
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4.4.2.1 Fuzzification

Figure 4.11 illustrates the fuzzy set of the Error input which contains 7 Triangular

memberships
Membership Function Editor: System test - (= | = [
File Edit View
FIS Variables Membership function plots  PIot points: 181
NB NI NS ZE PS P PB
DO A
A EAYAN
Error_ |
ltlhangofE
| = ) 1 1 1 1 1 1 1
input variable "Error_"
Current Yarishle Current Memberzhip Function (click on MF to select)
Tame Ertar_E Mame NB
Type input T trimf -
Params [-0.8857 -0.5 -0.3333]
Range [-0.5 0.5]
Display Range [-0.50.5] Help Close
Selected variable "Error_E"

Figure 4.11: Input Membership function for given error

Figure 4.12 illustrates the fuzzy set of the Change of Error input which contains 7

Triangular memberships.

B Membership Function Editor: System test =NECA X
P y Sl e o F s
File Edit View
FIS Variables Membership function plots  RIot poirts: 181
B NM NS ZE PS PM PB

Chang ofz
1 = 1 1 1 1 1 . 1 1
: - inp-u't variabh; "Chﬁr;gof," o
Current Variahle Current Membership Function (click on MF to select)
Rzt Chang_of_E Mame NB
Type input Type trimf =
Range 0s0g Params [-0.6667 -0.5 -0.3333]
Display Range [-0.50.5] ‘ Help Close ‘

Selected variable "Chang_of _E" ‘

Figure 4.12: Input Membership function for change in error
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Figure 4.13 illustrates the fuzzy set of the output which contains 7 Triangular

memberships.

Membership Function Editor: System test

WEEE o

File Edit View

FIS Variables

XX]|

Membership function plots  plot points:

NM NS ZE PS PI

S
Error_ |
tlhaangclfE
1 = 1 1 1 1 1 1
output variable "I
Current Variable Current Memberzhip Function (click on MF to select)
Mame [ Mame NE
Type ovtput Type trimf e
Farams 1,333 -1 -0.666

Range -1 1] [ I

Dizsplay Range 1 1]

Help

Close

Selected variahle "

Figure 4.13: Output Membership Function

4.4.2.2 Control rule base

The knowledge base defined the rules for the desired relationship between the input

and output variables in terms of the membership functions illustrated in (Table 1). The

control rules are evaluated by an inference mechanism, and represented as a set of: IF

Error is ... and Change of Error is ... THEN the output will ...

Figure 4.14 shows an example of a rule: IF Error is NS and Change of Error is ZE

THEN the output is NS.

NB
i
NS
ZE
=3
Pl

Error_E is

and

- Ine
NI
NS
ZE
PS
PN

-

Chang_of_E is

Figure 4.14: General Rule Base
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Table 1: Fuzzy Table
Chang of Error
Error NB NM NS ZE PS PM PB
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

The linguistic variables used are:
NB: Negative Big.

NM: Negative Medium.

NS: Negative Small.

ZE: Zero.

PS: Positive Small.

PM: Positive Medium.

PB: Positive Big.

Consider that the actual current is high compared with reference current, so the error

obtained is negative. If the change in error is also negative then the fuzzy controller is

made to operate in negative region.

Now the duty cycle of the converter is reduced to

minimize the error so that the battery tends to charge as in normal stats.

Figure 4.15 show the surface of the base rules using in FLC which is the

representation for the inputs and ou

tput values of the controller in three dimensions.

u Surface Viewer: System test - . Duille o e S
File Edit View Options
Chang,f 05 0s Error
M finput): Error_E - | (input): Chang_of E Z [output): | —
W rids: 15 Y grids: 15 B
Ret. Input Hmm poirts: 104 ‘ ‘ Help | Close | ‘
Ready ‘

Figure 4.15: Su

rface sha_pe (E, CE and output I)
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Figures 4.16 and 4.17 show the error and change of error respectively the difference
between them is so little and the percentage of error is about 0.013 which give high

performance of the FLC output.

4

a5 -

0.5

-0.5 a 0.5
Error

Figure 4.16: Input — error

n.s ] 0.5
ChangofE

Figure 4.17: Input - change in error
4.4.2.3 Defuzzification

Similarly, since the energy system cannot respond directly to the fuzzy controls, the
fuzzy control sets generated by the fuzzy algorithm have to be changed back by using
the method of defuzzification. As illustrated in Chapter 3, the center of gravity (COG)
method is widely used in Mamdani approach which has been selected in this thesis to
compute the output of the FLC.

Figure (4.18) shows the output of the FLC which we can get it by applying equation
(4.6)

4 1
Figure 4.18: Output of the FLC
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Simulation has been done on a simplified model of a grid connected photovoltaic

array via a dc link line commutated inverter. The input of FLC controller is PV
current and constant voltage, the output is the desired current which gives the

maximum power that can be generated under given conditions.

4.4.3 Results and Discussion

According to error and change in error, as shown in Figures 4.16 and 4.17, the fuzzy
controller is made to select the appropriate duty cycle of the converter. So this
intelligent controller will make the battery to charge immediately with the standard
charging current. After making defuzzification step we will get crisp value of current,
and as we know that the value of voltage is constant. The values of current before
applying fuzzy control and after implementing fuzzy controller (Table 2). The data of

the currents get from the solar system installed in UCAS.

Figure 4.19 illustrates the deference between the values before applying fuzzy
controller (reference value of I) and after applying FLC (desired value of I). We can
see that the desired value on the proposed system increases by decreasing the error
which make the power increase as P=1*V, and V is constant.

35
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Figure 4.19: Values of reference and desired current
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Table 2: Values of PV current

Time I (reference) I (desired)
8:30 AM 8.8 11.7
9:30 AM 14.5 17.3
10:00 AM 30.4 31
11:00 AM 29.6 30.2
11:30 AM 28.8 29.8
12:30 PM 30.1 31.2
13:00 PM 31.5 32.1
13:30 PM 28.6 29.3
14:00 PM 25.9 26.7
14:30 PM 21.3 22.2
15:00 PM 16.8 17.3
15:30 PM 8 8.7
16:00 PM 3.1 3.8
16:30 PM 0.4 0.8

For example at first row in (Table 2):

P

Before

P, =1*V=11.7%12=140.4W

=1*V =8.8*%12 =105.6W

This result conclude that when we apply FLC to the proposed solar power system we

get more power depend on the output current which is controlled by the rules of FLC

applied on the system.

In this section, we generate the error and change in error signals as inputs for the FLC

as shown in Figure 4.20.
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Figure 4.20: Generating the Error and Change in Error
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After generating the error and change in error as shown, we converted to one
subsystem block with input and outputs (E, AE) which collected in multiplexer to
inter in FLC as shown in Figure 4.21.

—{F f
CE

]

Subsystemn

Figure 4.21: Error and change of error model subsystem

Now, we want to implement the FLC by using Simulink as shown in figure 4.22. The
system's efficiency increased about 20% in average calculation, because the reference

current is not the same.
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y Fuzzy Logic
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Figure 4.22: Output of the solar system using FLC
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

In this thesis we understood a lot of information about solar power system which is a
photovoltaic technology, Fuzzy Logic Control and how to implement it to increase the

efficiency of the system.

In Gaza Strip we have big problem in electrical power generation, since the supplies
does not cover the demand; thus renewable energy sources such as solar energy may
play an important role in electric power generation, since it is clean and unlimited.
One of the drawbacks on solar system is the high cost installation and its efficiency.

To increase its efficiency regulating its output current is one way.

In this study, an interested to improve the power of a stand-alone solar power system.
The proposed system was controlled using a fuzzy logic controller to get the
maximum power available at the output of the PV array by making regulation of the
PV current. PV current feeding the DC/ DC converter in order to get a regulated
current by minimize the duty cycle of the converter, fuzzy logic controller regulates
this current and get the desired current which is better response then feed it to the
inverter. This controller was tested using MATLAB software program. The study
showed that the fuzzy logic controller was better in response and it increased the

system’s efficiency.

5.2 Future work

Using Sugeno approach to implement the fuzzy control rules, and compared with
Mamdani. Also a good area of research is using optimization method to reduce the

rules of the controller. Another scope is hardware implementation for the system.
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16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)

Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error

is NB
is NB
is NB
is NB
is NB
is NB
is NB
isNM
is NM
is NM
is NM
is NM
is NM
is NM
IS NS
IS NS
iIs NS
iIs NS
iIs NS
iIs NS
IS ZS
is ZE
is ZE
is ZE
is ZE
is ZE
is ZE
is ZE
is PS
is PS

APPENDIX

The Rule Base of Mamdani Fuzzy Controller for solar power system:

and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and

Change of Error is NB
Change of Error is NM
Change of Error is NS
Change of Error is ZE
Change of Error is PS
Change of Error is PM
Change of Error is PB
Change of Error is NB
Change of Error is NM
Change of Error is NS
Change of Error is ZE
Change of Error is PS
Change of Error is PM
Change of Error is PB
Change of Error is NB
Change of Error is NM
Change of Error is NS
Change of Error is ZE
Change of Error is PS
Change of Error is PM
Change of Error is PB
Change of Error is NB
Change of Error is NM
Change of Error is NS
Change of Error is ZE
Change of Error is PS
Change of Error is PM
Change of Error is PB
Change of Error is NB
Change of Error is NM
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then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then

Current is NB
Current is NB
Current is NB
Current is NB
Current is NM
Current is NS
Current is ZE

Current is NB
Current is NB
Current is NB
Current is NM
Current is NS
Current is ZE

Current is PS

Current is NB
Current is NB
Current is NM
Current is NS
Current is ZE

Current is PS

Current is PM
Current is NB
Current is NM
Current is NS
Current is ZE

Current is PS

Current is PM
Current is PB

Current is NM
Current is NS



31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)

Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error
Error

is PS
is PS
is PS
is PS
is PS
is PM
is PM
is PM
is PM
is PM
is PM
is PM
is PB
is PB
is PB
is PB
is PB
is PB
is PB

and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and
and

Change of Error is NS
Change of Error is ZE
Change of Error is PS
Change of Error is PM
Change of Error is PB
Change of Error is NB
Change of Error is NM
Change of Error is NS
Change of Error is ZE
Change of Error is PS
Change of Error is PM
Change of Error is PB
Change of Error is NB
Change of Error is NM
Change of Error is NS
Change of Error is ZE
Change of Error is PS
Change of Error is PM
Change of Error is PB
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then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then
then

Current is ZE
Current is PS
Current is PM
Current is PB
Current is PB
Current is NS
Current is ZE
Current is PS
Current is PM
Current is PB
Current is PB
Current is PB
Current is ZE
Current is PS
Current is PM
Current is PB
Current is PB
Current is PB
Current is PB



