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ABSTRACT

In the world twenty two percent of populations live without electricity. Many
of these people live in remote areas where decentralized generation is the only
method of electrification. Most mini-grids are powered by diesel generators,
but new hybrid power systems are becoming a reliable method to incorporate
renewable energy while also reducing total system cost.

The aims of this research were to study and design the hybrid Solar, Batteries
and Diesel system applied for Direct Current (DC) telecommunication load to
combined different power sources in one system with best performance and
efficiency. Most of the existing system works with hybrid diesel-batteries
only that had a lot of problems especially with the costly batteries.

In this study Photo Voltaic (PV) module is added with electronic Max
Power Point Tracker (MPPT) to the system with site controller that will
manage the PV, batteries, and diesel generator to secure the needed power for
the critical telecommunication load.

Comparison between hybrid Solar, batteries and Diesel system in term
of system design and performance is done using data coming from the real
site. The results are compared with the simulation results. The simulation was
done by using MATLAB/SIMULINK and the system was divided to five sub
systems. The sub systems showing PV system, DC-DC converter system,
battery system, Diesel generator and rectifier sub system and the
telecommunication load sub system.

Finally, we can say that there was good agreement achieved between the
theoretical simulation and the real-time measurement taken from the
telecommunication site. We can consider this solution very effective for small

scale application not only for telecommunication sites.
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CHAPTER ONE
INTRODUCTION

1.1 General Concepts

The world's resources of fossil fuels are beginning to come to an end.
Estimates of energy resources vary but oil and gas reserves are thought to
come to an end in roughly 40 and 60 years respectively and coal reserves
could only be able to last another 200 years. The rapid depletion of fossil fuel
resources on a worldwide basis has necessitated an urgent search for
alternative energy sources to cater to the present days' demand. Environments
also are reason to reduce our reliance on fossil fuels because growing
evidence of the global warming phenomena. Since the industrial revolution,
by burning these fossil fuels, we have caused a dramatic increase in the
release of carbon dioxide into the atmosphere. The carbon dioxide gathers in
the atmosphere and soaks up the long-wave, infrared radiation reemitted from
the earth that would normally be released into space. By keeping this
radiation in the earth's atmosphere, it has caused a rise in the earth's
temperature. This global warming effect will have far reaching consequences
if it i1s not minimized as soon as possible. The earth’s natural balance is very
delicate and a rise in temperature even by 1°C or 2°C can melt the ice caps
causing wide spread flooding across the world [1].

Therefore, it is imperative to find alternative energy sources to cover the
continuously increasing demand of energy while minimize the negative
environmental impacts. The option of alternative energy resources such as
solar, wind, biomass, ocean, thermal and tidal has attracted energy sectors to
generate power in a large scale. The sun is a source of practically unlimited
energy, most of which is wasted but provides us with millions of kilowatts of
power, keeps us warm, and grows all our food. Every day the sun showers

Earth with several thousand times as much energy as we use. To top it off,



solar energy is safe, pollution-free energy on and in which living things have
thrived since they first appeared on earth.

The history of solar energy is as old as humankind. In the last two centuries,
we started using Sun's energy directly to generate electricity. In 1839, French
physicist Alexandre Edmond Becquerel discovered that certain materials
produced small amounts of electric current when exposed to light.

It was not utilized until 1946 that the photovoltaic cells were patented by a
man named Sven Ason Berglund. 1954 has been declared the modern age of
solar technology. This happened when the Bell Laboratories, while
experimenting with semiconductors, discovered that the use of silicon could
be extremely effective. It was a complete breakthrough. Silicon set to function
with certain impurities was actually extremely sensitive to light. The 1954
breakthrough of the Bell Laboratories caused certain solar energy devices to
be effective up to 6% ~ but it does not stop there. Following this incredible
break through the amount of interest in solar energy and generating solar
power from solar cells increased dramatically. Suddenly, the research and
discovery of new and more modern solar power apparatuses were being
heavily sponsored and believed in. In 1956, solar photovoltaic cells were far
from economically practical. Electricity from solar cells ran about $300 per
watt (For comparison, current market rates for a watt of solar PV hover
around $5). The "Space Race" of the 1950s and 60s gave modest opportunity
for progress in solar, as satellites and crafts used solar panels for electricity
generation. It was not until 1973 that solar leapt to prominence in energy
research. The Oil Crisis demonstrated the degree to which the Western
economy depended upon a cheap and reliable flow of oil. As oil prices nearly
doubled over night, leaders became desperate to find a means to reduce this
dependence. The hope in the 1970s was that, through massive investment in
research, solar photovoltaic costs could drop precipitously and eventually

become competitive with fossil fuels. By the 1990s, the reality was that costs



of solar energy had dropped as predicted, but costs of fossil fuels had also
dropped - solar was competing with a falling baseline.
However, huge PV market growth in Japan and Germany from the 1990s to
the present has reenergized the solar industry. In 2002 Japan installed 25,000
solar rooftops. Such large PV orders are creating economies of scale, thus
steadily lowering costs. The PV market is currently growing at a blistering 30
percent per year, with the promise of continually decreasing costs [2].
1.2 Problem Statement
Unavailability of the Gird power is becoming the biggest problem for
developing the rural area specially the areas where there are access roads
problems.
The telecommunication service is becoming the most important service for all
people and the telecommunication company must be shore that they are
delivering the best service all the time. All the telecommunication operators
are investing to secure the needed power to run the sites in the rural areas
specially the solar and hybrid application, so due that the solar and hybrid
system becoming very important subject for research.

1.3 Objectives

The main objectives for this thesis are:

1. To assess the Off-Grid PV, batteries and diesel hybrid scenario for
telecommunication load in the rural areas, by studying the site design and
performance data.

2. Validate the system efficiency and to quantify fuel cost savings created by
the hybrid system.

1.4 Methodology

To achieve the objectives of the research the methodology is divided into

several tasks as follow:



1.5

Building a strong background about the hybrid system especially the
solar and diesel, so | started my thesis with the literature survey of
hybrid system, with the focus on the PV, batteries and diesel generator.
Assessment of Solar/ Solar Diesel Hybrid for off Grids applications
elsewhere in the world by utilizing the literature on the internet and
various publications at the library.

Collecting all the data about the site selected for the study and consider
the minimum requirements and the site owner requirements.

Build simulation model for the system using Matlab application
considering the design data from the site under study.

Analyzing and validation for the results obtained during the research
period.

Thesis Layout:

There are five chapters in this thesis including the current chapter as

Introduction. Chapter two presents backgrounds about photovoltaic energy

conversions and shows all the system components and literature review for

the different studies. Chapter three focus on the design of site under study and

the real components for the system. Chapter four details out the modeling and

simulation part for the system also present simulation results and discussion,

in chapter five concludes the thesis.



CHAPTER TWO
BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

In this chapter, we will discuss the dynamic behavior of the
photovoltaic (PV) system and discusses the nonlinearity of PV output
characteristics. First, it summarizes the commercial solar cells used in PV
module. Second, it shows the operational mechanism for crystalline silicon
solar cell. Third, it describes the mathematical modelling for solar cell,
module and array. Fourth, it emphasis how to intensify the electricity
generated from the solar panels. Finally, the pervious works are presented.

2.2 Solar Energy

The sun is the original source of almost all the energy used on earth. The earth
receives a stock ring amount of energy from the sun, as much energy falls on
the planet each hour is the total human’s population uses in a whole year.
Photovoltaic technology enables the creation of electricity using light. PV
cells have at least two layers of semiconductors: one that's positively charged,
and one that's negatively charged. When the light shines on the semiconductor
the electric field across the junction between these two layers causes
electricity to flow. The greater the intensity of light the stronger the electricity
flow will be.

The light that hits the panels is converted into clean electricity. This is a silent
operation here because there are no moving parts. The electricity generated by
the panels comes in the form of a direct current. By installing an inverter, it is
converted into alternating current, so it's in synchronous with the mains
electricity and can be used normally. The clean electricity is then fed into the
mains by the fuse board. By using meters, the amount of unused electricity
generated can be measured and recorded; any spare electricity can be sold
back to the electricity supplier. Country with a wet and cloudy climate,
800kWh/m2 is enough energy to power an energy efficient home. Only 10m2

5



of PV is needed to provide enough electricity to power such a home entirely
from solar energy. Therefore, solar photovoltaic provide a simple and
practical way for powering buildings with clean energy.
2.3 Photovoltaic Cells and Efficiencies
The performance of a solar cell is measured in terms of its efficiency in
turning sunlight into electricity. Improving solar cell efficiencies while
holding down the cost per cell remains one rather important goal of the PV
industry. PV cells are generally made either from crystalline silicon, thin film,
or from other types of technology as shown below.
1) The Crystalline Silicon Technology (CST):
Crystalline silicon cells are made from thin slices cut from a single crystal of
silicon (monocrystalline) or from a block of silicon crystals (polycrystalline).
CST is the most common technology representing about 90% of the market
today. Its efficiency ranges between 14% and 22%.
Two main types of crystalline cells can be distinguished:

e Monocrystalline (Mono c-Si)

e Polycrystalline (or Multicrystalline) (multi c-Si)
2) Thin film technology:
Thin film modules are made by depositing extremely thin layers of
photosensitive materials onto a low-cost backing such as stainless steel, glass
or plastic. Thin Film manufacturing processes result in lower production costs
compared to the more material-intensive crystalline technology. Such price
advantage is counterbalanced by lower efficiency rates (7.3%-10.6%).
However, this is an average value and not all Thin Film technologies have the
same efficiency.
Four types of thin film modules are commercially available at the moment

e Amorphous Silicon (a-Si)

e Cadmium Telluride (CdTe)



e Copper Indium Selenide, Copper Indium Gallium diSelenide (CIS,
CIGS)

e Multi Junction Cells (a-Si/uc-Si)

3) Other cell types:
Several other types of more recently developed photovoltaic technologies
have been commercialized or are still at the research level. The main ones are:

e Concentrated photovoltaic: it is solar cells that are designed to operate
with concentrated sunlight. They are built into concentrated collectors
that use a lens to focus the sunlight onto the cells. The main idea is to
use very little of the expensive semiconducting PV material while still
collecting as much sunlight as possible.

e Flexible cells: based on a similar production process to thin film cells,
when the active material is deposited in a thin plastic, the cell can be
flexible. This opens the range of applications, especially for building
integration (roofs-tiles) and end-consumer applications.

The cells efficiency decreases with increases in the temperature. Crystalline
cells are more sensitive to heat than thin films cells. The output of a
crystalline cell decreases approximately 0.5% with every increase of one
degree Celsius in cell temperature. For this reason, modules should be kept as
cool as practically possible. For this reason, amorphous silicon cells may be
preferred in very hot conditions because their output decreases by
approximately 0.2% per degree Celsius increase.

As the crystalline silicon cells is the most used type of PV and also we are
considering it for this research the will be studding it in more details than the
others types. Figure 2.1 shows the operation of the silicon solar cell. It can be
seen that when light strikes the cell, a certain portion of the light’s energy is
absorbed within the semiconductor material. The energy knocks electrons
loose, allowing electrons to flow freely. The PV cells have one or more
electric fields that act to force the electrons freed by light absorption to flow

in a certain direction. The P-type silicon ("p" for positive) has free holes
7



which are just the absence of electrons. The N-type silicon ("n" for negative)
has free electrons.

P-N junction is created when a p-type semiconductor is joined to an n-type
semiconductor. Diffusion current is produced due to the concentration
differences of holes and free electrons between the n- and p- regions:
electrons flow from the n-side and fill holes on the p-side. This creates a
region that is almost devoid of free charge carriers (i.e. free electrons or

holes) and is therefore called the depletion layer.

Solar Radiation Ccndrjuﬁlm‘:stri <
_(Photon-light) 7\ g =thp E.
— VAR o
/) .
'y \ Electron Flow
- ... :'

S P .f.::’.;-?:"»- e | Approx.
Glass | P it i @)D.EE‘UDC

“N-type Silicon

D epletion Layer
-ve Electrons

Fd

s

Vi P-type Silicon
Substrate Base

LY
+wve Holes

Figure 2.1: Solar cell diagram

There is in the depleted zone a net positive charge on the n-side and a net
negative charge on the p-side in the depleted zone. Such situation results in an
electric field that opposes any further flow of electrons. The more electrons
move from the n-to the p-side, the stronger the opposing field will be, and
eventually equilibrium will be reached in which no further electrons are able
to move against the electric field.

The equilibrium conditions are disturbed when light hits the solar cell and the
so-called inner photo effect creates additional charge carriers that are free to
move in the electric field of the depletion zone. The holes move towards the

p-region and the electrons towards the n-region, thus creating an external



voltage at the cell. This external voltage in a solar cell is material dependent
and does not depend on the cell's surface area.

2.4 The Mathematical Modeling of Solar Cell, Module and
Array

A simple equivalent circuit model for the photovoltaic cell consist of a real
diode in parallel with an ideal current source as shown in Figure 2.2. The
solar cell is basically a p-n junction fabricated in a thin wafer or a layer of
semiconductor. The electromagnetic radiation of solar energy can be directly
converted into electricity through the photovoltaic effect. When exposed to
sunlight, photons with energy greater than the band-gap energy of the
semiconductor are absorbed and they create some electron-hole pairs
proportional to the incident irradiation. Under the influence of the internal
electric fields of the p-n junction, these carriers are swept apart and they
create a photocurrent which is directly proportional to solar insulation. The
PV system naturally exhibits a nonlinear -V and P-V characteristics which

vary according to the solar irradiance and cell temperature.

2.4.1 The solar cell

As mention above the circuit of the solar cell model is consist of a real diode
in parallel with an ideal current source, in addition the model will be more

accurate by adding in parallel resistor (leakage current) and a series resistor.

Rs
A'-.,f‘ﬁ'\,“ﬁ"‘\-'_ g
l:/ \ Isc ! D :3_ Rp V
N 4 <
| :

Figure 2.2: General equivalent circuit of PV cell



The power output current for the solar cell is given by:

I'=1I—1g=1I5c—1I (equ/KT —1) (2.1)

Adding R, impact

This will give
I =1, —L.{exp[q(V + I.R;)/KT] -1} (2.3)

To generalize the PV equivalent circuit by including both series and parallel

resistances.

V+I.Rs

I =1, —L{exp[q(V +1.R,)/KT] — 1} —( Rp

) (2.4)

Where:

L. s the light generated current.

I is the saturation current dependent on the cell temperature.

q isthe electric charge (1.6 x 10-19 C).

K is the Boltzmann’s constant (1.38 x 10723 J/K).

T is the cell’s absolute temperature.

R is the series resistance.

Rp is the parallel resistance.

2.4.2 PV module and array

The output power of the solar cell is said to reach approximately 2W at 0.5V.
Figure 2.3 below is showing the P-V and I-V Curves for modules at
1000W/m? and 554.5W/m2. To increase the power, the cells are connected in

10



Current (&)

series-parallel configuration on a module. For photovoltaic systems, the PV
array is the group of several PV modules which are connected in series and
parallel circuits to generate the required voltage and current. Figure 2.4 shows
this configuration the equivalent circuit for the solar module arranged in NP
parallel and NS series branches is shown in Figure 2.5.

The terminal equation for the current and voltage of the cell module comes
out as follows:

Np
NV Rs

I = Nplse = Nyl {explq G-+ 1 3> )/KT] = 1} = (———) (2.5)

Where:
N is the number of cells in series.

N, is the number of cells in parallel.

. C—T——<x— 1 T
-1000W/m2 and 25°C : : :
-554.5Wim2 and 35°C |77 N T

g : ) : ) : )

o

.....................................................

..................

.................................................

2o 1000W/m2 and 25°C [ ~~~""""F-4="" S
554 EW/m2 and 35°C | : '

-------------------------------------------------

0 5 10 15 20 25 30 35 40 0 15 20 26 30 3% a0
Woltage (V) Voltage (V)

Figure 2.3: (a) P-V curve for the PV module at 1000W/m? and 554.5W/m?
(b) 1-V curve for the PV module at 1000W/m? and 554.5W/m?
2.5 Batteries

A Dbattery is a device that converts chemical energy directly to electrical
energy. It contains one or more cells. Each cell consists of three main parts: a

positive electrode (terminal), a negative electrode, and a liquid or solid

11



separating them called the electrolyte. When a battery is connected to an
electric circuit, a chemical reaction takes place in the electrolyte causing ions
(in this case, atom with a positive electrical charge) to flow through it one

way. With electrons (particles with a negative charge) flowing through the

Cell

Module

N
f"'fp N:r Rs
NNN—2
— |-
{ :
AN | T T T

I!(/‘:\' ENS* ?if' Rp V

P . : o
yYY Y -

Figure 2.5: General equivalent circuit of PV module
outer circuit in the other direction. This movement of electric charge makes
an electric current flow through the cell and through the circuit it is connected
to (Dell and Rand 2001). Different types of batteries are produced for

12



different applications. They can be used for storing solar power for satellites
in space to powering heart pacemakers fitted inside people's chests.
2.5.1 Types of batteries
There are two types of batteries:
e Primary batteries (disposable batteries): which are designed to be used
once and discarded.
e Secondary batteries (rechargeable batteries): which are designed to be
recharged and used multiple times.
Most of the batteries used today with hybrid power system are from the
rechargeable type. There are several kinds of rechargeable batteries. Among
them, as shown in Table 5.1: NiCd (Nickel Cadmium), NiMH (Nickel Metal
Hydride), Lead-Acid, and Lithium-lon (Li-lon).
Table 2.1: Common rechargeable battery types

Parameters NiCd NiMH Lead-Acid Lithium-lon
Nominal cell voltage (V) 1.25 1.25 2 3.6
Energy density (Wh/kg) 45-80 60-120 30-50 110-160
Specific power (W/kg) 150 250-1000 180 1800
Self-discharge rate in 20% 30% 3%-4% 5%-10%
(%/month)

Cycle durabilitys (#) 1500 300-500 200-300 500-1000
Charge/discharge efficiency 70%-90% 66% 70%-92% 99%+
(%)

Maintenance Requirement 30 to 60 days 60 to 90 days | 3to 6 months9 not req.
Typical Battery Cost $50 $60 $25 $100
(USS$, reference only) (7.2V) (7.2V) (6V) (7.2V)
Cost per Cycle(US$)11 $0.04 $0.12 $0.10 $0.29

2.5.2 The lead acid battery

Invented by the French physician Gaston Planté in 1859, lead acid was
the first rechargeable battery for commercial use. Today, the flooded lead acid
battery is used in automobiles, forklifts and large uninterruptible power
supply (UPS) systems. During the mid 1970s, researchers developed a
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maintenance-free lead acid battery that could operate in any position. The
liquid electrolyte was transformed into moistened separators and the
enclosure was sealed. Safety valves were added to allow venting of gas during
charge and discharge. Driven by different applications, two battery
designations emerged. They are the small sealed lead acid (SLA), also known
under the brand name of Gel cell, and the large valve regulated lead acid
(VRLA). Technically, both batteries are the same. (Engineers may argue that
the word ‘sealed lead acid’ is a misnomer because no lead acid battery can be
totally sealed). Unlike the flooded lead acid battery, both the SLA and VRLA
are designed with a low over-voltage potential to prohibit the battery from
reaching its gas-generating potential during charge. Excess charging would
cause gassing and water depletion. Consequently, these batteries can never be
charged to their full potential. The lead acid is not subject to memory.
Leaving the battery on float charge for a prolonged time does not cause
damage. The battery’s charge retention is best among rechargeable batteries.
Whereas the NiCd self-discharges approximately 40 percent of its stored
energy in three months, the SLA self-discharges the same amount in one year.
The SLA is relatively inexpensive to purchase but the operational costs can be
more expensive than the NiCd if full cycles are required on a repetitive basis.
The SLA does not lend itself to fast charging — typical charge times are 8 to
16 hours. The SLA must always be stored in a charged state. Leaving the
battery in a discharged condition causes sulfation, a condition that makes the
battery difficult, if not impossible, to recharge. Unlike the NiCd, the SLA
does not like deep cycling. A full discharge causes extra strain and each cycle
robs the battery of a small amount of capacity. This wear-down characteristic
also applies to other battery chemistries in varying degrees. To prevent the
battery from being stressed through repetitive deep discharge, a larger SLA
battery is recommended. Depending on the depth of discharge and operating
temperature, the SLA provides 200 to 300 discharge/ charge cycles. The

primary reason for its relatively short cycle life is grid corrosion of the
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positive electrode, depletion of the active material and expansion of the
positive plates. These changes are most prevalent at higher operating
temperatures. Cycling does not prevent or reverse the trend.The optimum
operating temperature for the SLA and VRLA battery is 25°C (77°F). As a
rule of thumb, every 8°C (15°F) rise in temperature will cut the battery life in
half. VRLA that would last for 10 years at 25°C will only be good for 5 years
if operated at 33°C (95°F). The same battery would endure a little more than
one year at a temperature of 42°C (107°F). Among modern rechargeable
batteries, the lead acid battery family has the lowest energy density, making it
unsuitable for handheld devices that demand compact size. In addition,
performance at low temperatures is poor.

The SLA is rated at a 5-hour discharge or 0.2C. Some batteries are even rated
at a slow 20-hour discharge. Longer discharge times produce higher capacity
readings. The SLA performs well on high pulse currents. During these pulses,
discharge rates well in excess of 1C can be drawn. In terms of disposal, the
SLA is less harmful than the NiCd battery but the high lead content makes the
SLA environmentally unfriendly.

2.5.3 Battery model

Thevenin battery model is commonly used model which was designed to
account for transient behavior of the battery. The model is shown in the figure
2.6 The R. parameter represents the resistance between the contact plates and
electrolyte while the C. relates to the capacitance between the parallel plates.
The big disadvantage of the Thevenin model is the assumption of constancy
of all the elements, as they all depend on the SoC and other battery

characteristics.
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Figure 2.6: Thevenin battery mode

Where:

E- is ideal battery voltage

R is internal resistance

C. is capacitance

R. is resistance between the contact plates and electrolyte

The basic Thevenin Battery Model has been improved by Farell as is

presented in the figure below.
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Figure 2.7: Modified Thevenin equivalent circuit model.

The charging/discharging equations are given by
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2.6 Pervious Work

Hybrid power describes the combination of a power producer and the
means to store that power in an energy storage medium. In power
engineering, the term 'hybrid' describes a combined power and energy storage
system. Examples of power producers used in hybrid power are photovoltaic,
wind turbines, generators that use fuel and examples of energy storage media
are batteries or hydrogen (for later use in fuel cells).

Hybrid Renewable Energy Systems (HRES) are becoming popular as
stand-alone power systems for providing electricity in remote areas due to
advances in renewable energy technologies and subsequent rise in prices of
petroleum products. A hybrid energy system, or hybrid power, usually
consists of two or more renewable energy sources used together to provide
increased system efficiency as well as greater balance in energy supply.
Research on hybrid power systems combining renewable and fossil derived
electricity started 25 years ago, but few have written papers about system
implementation and experimental data collection. The first papers describing
renewable energy hybrid systems appeared in the mid-eighties [3], but
literature on hybrid systems did not blossom until the early 1990s. Initially,
this expansion in hybrid literature was driven by the need to increase grid
stability and reliability as large quantities of wind power were being added to
small autonomous grids [4].

As solar energy is fluctuating, and the generation capacity of the diesel
gensets is limited to a certain range, it is often a viable option to include
battery storage in order to optimize solar's contribution to the overall
generation of the hybrid system. In 2015, a case-study conducted in seven
countries concluded that in all cases generating costs can be reduced by
hybridizing mini-grids and isolated grids. However, financing costs for diesel-
powered electricity grids with solar photovoltaics are crucial and largely
depend on the ownership structure of the power plant. While cost reductions

for state-owned utilities can be significant, the study also identified economic
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benefits to be insignificant or even negative for non-public utilities, such as
independent power producers. Other solar hybrids include solar-wind
systems. The combination of wind and solar PV has the advantage that the
two sources complement each other because the peak operating times for each
system occur at different times of the day and year. The power generation of
such a hybrid system is therefore more constant and fluctuates less than each
of the two component subsystems[5].

Solar hybrid power systems are hybrid power systems that combine
solar power from a photovoltaic system with another power generating energy
source. A common type is a photovoltaic diesel hybrid system, combining
photovoltaics (PV) and diesel generators, or diesel gensets, as PV has hardly
any marginal cost and is treated with priority on the grid. The diesel gensets
are used to constantly fill in the gap between the present load and the actual
generated power by the PV system. To improve the efficiency of the system
furthers either cogeneration or tri-generation, can be used. Researches on
photovoltaic diesel hybrid system are few papers compared with solar-wind
hybrid systems this Chapter presents a literature review on the hybrid system
by several aspects: solar and diesel generator energy application potential
analysis; PV array, also hybrid wind-solar system turbine and battery
performance predictions; optimal sizing method for hybrid solar-wind system;
and the optimal sizing method for designing hybrid solar-wind-diesel systems
which has combined a third energy source - diesel generator.

The techniques to design and analyze a hybrid wind-solar power system for
either autonomous or grid-linked applications. This technique uses linear
programming principles to reduce the cost of electricity while meeting the
load requirements in a reliable manner. A controller that monitors the
operation of the autonomous/grid-linked systems is designed. Such a
controller determines the energy available from each of the system
components and the environmental credit of the system. It then gives details

related to cost, unmet and spilled energies, and battery losses. Until now, a lot
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of researches have been done on the analysis of solar and wind energy
resources, Among these studies Riad Chedid and Saifur Rahman in 1997
proposed techniques and applied it to a location in Lebanon where the load is
defined as 800KW from the 5-th to the 9-th months, and 550KW for the rest
of the year. The hourly wind speeds vary between 2.96 and 5.63 m/s and the
hourly solar irradiance vary between 0 and 0.7 KW/m2. Results of
optimization for both systems shown that it had the load been satisfied only
by diesel engines or through a grid connection the required capacity would
have been 760 KW.

Therefore, the use of renewable energy has resulted in 50.26% savings in
diesel capacity and 44.7% savings in grid capacity. Riad Chedid , H. Akiki
and Saifur Rahman in 1998 they continue their research in solar-wind hybrid
system and they came with technique for designing hybrid system. When
designing HSWPS (hybrid solar-wind power systems), several goals could be
aimed at. Examples include reduction in emissions, generation of additional
jobs, security of supply, and in some situations, solar and wind resources may
constitute the cheapest option for electricity generation. In this paper, the
main goal behind proposing HSWPS is to increase the penetration of solar
and wind energy technologies in the total energy mix. To achieve this, it is
important to highlight all the factors influencing the main goal, whether
technical, political, and economical or may be social. Then, a hierarchical
structure of the system is built descending from the main goal, down to the
constraints, and then down to the policies affecting the constraints, and finally
to the outcomes which represent the objectives (attributes).

The various divergences of opinions and influencing factors are identified,
weighted and, accordingly, the objectives are assigned a priority order. In the
paper three objectives are considered. These are the minimization of both cost
and emissions, and the maximization of system reliability [6].

An attempt has been made in this paper to develop a decision support

technique which can help decision makers optimally design grid-linked
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renewable energy systems. The various procedures of the proposed technique
have been fully explained, and a case study on a site in Lebanon has been
illustrated. The Analytic Hierarchy Process was used to quantify the various
divergences of opinions, practices and events that lead to confusion and
uncertainties in planning HSWPS. The application of AHP enforced, on one
hand, the cost, reliability and emissions as major design objectives, and on the
other hand, ranked them in a priority order. The tradeoff/risk method was
used to generate multiple plans under 16 different futures and obtain the
corresponding trade-off curves. Unlike the traditional 2-D simulation, a novel
modeling of a trade-off surface in 3-D space has been presented where the
knee set is determined using the minimum distance approach. Robust and
inferior plans are segregated based on their frequent occurrence in the
conditional decision set of each future, and since there was no plan which is
100% robust, hedging analysis to reduce risk was performed by assigning
alternative options to be adopted in case the risky futures occur. In 2004 S.
Arul Daniel and N. Ammasai Gounden prepare study about isolated
renewable energy systems based on hybrid wind-solar sources are considered
as feasible and reliable options instead of wind-diesel systems. An isolated
hybrid scheme employing a simple three-phase square-wave inverter to
integrate a photovoltaic array with a wind-driven induction generator has been
proposed for the first time. A dynamic mathematical model of the hybrid
scheme with variables expressed in — synchronous reference frame has been
developed. The model is implemented in the power system block set platform
and a comparison has been made between transients simulated and transients
obtained in an experimental prototype. Close agreement between
experimental and the simulated waveforms has been observed, which
validates the model [7].

A reliable and simple scheme integrating wind-driven induction generators
and PV array has been successfully developed for the first time to supply a

three-phase remote load with constant frequency balanced voltages. The
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generation system will supply constant voltages with varying wind speed and
irradiation when the battery is switched on. The hybrid system is cost-
effective and requires a simple interface for integration, thus making it
suitable for off-grid applications. Lingfeng Wang and Chanan Singh in 2009
prepare paper showing multi source hybrid power generation systems of
representative application of the renewables’ technology. In this investigation,
wind turbine generators, photovoltaic panels, and storage batteries are used to
build hybrid generation systems that are optimal in terms of multiple criteria
including cost, reliability, and emissions. Multi criteria design facilitates the
decision maker to make more rational evaluations. In this study, an improved
particle swarm optimization algorithm is developed to derive these
nondominated solutions. Hybrid generation systems under different design
scenarios are designed based on the proposed approach. First, a grid-linked
hybrid system is designed without incorporating system uncertainties. Then,
adequacy evaluation is conducted based on probabilistic methods by
accounting for equipment failures, time-dependent sources of energy, and
stochastic generation/load variations. In particular, due to the unpredictability
of wind speed and solar insolation as well as the random load variation, time-
series models are adopted to reflect their stochastic characteristics. An
adequacy evaluation procedure including time dependent sources is adopted.
Sensitivity studies are also carried out to examine the impacts of different
system parameters on the overall design performance [8].

Distributed generation using sustainable clean green power promises to
considerably restructure the energy industry that is evolving from fossil fuels
toward renewables .Meanwhile, there are many open-ended problems in this
field awaiting to be resolved. In this paper, a hybrid power generation system
including wind power and solar power is designed on the basis of cost,
reliability, and emission criteria. A set of tradeoff solutions is obtained using
the multicriteria metaheuristic method that offers many design alternatives to

the decision maker. Moreover, in one of the designs, system uncertainties,
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such as equipment failures and stochastic generation/load variations, are
considered by conducting adequacy evaluation based on probabilistic
methods. In particular, the stochastic generation/load variations are modeled
through time-series methods. Numerical simulations are used to illustrate the
applicability and validity of the proposed MOPSO based optimization
procedure, and some sensitivity studies are also carried out. In future studies,
other more complicated design scenarios may be incorporated into system
designs. In 2012 Toshiro Hirose and Hirofumi Matsuo prepare paper showing
the proposes of unique standalone hybrid power generation system, applying
advanced power control techniques, fed by four power sources: wind power,
solar power, storage battery, and diesel engine generator, and which is not
connected to a commercial power system. Considerable effort was put into the
development of active-reactive power and dump power controls. The result of
laboratory experiments revealed that amplitudes and phases of ac output
voltage were well regulated in the proposed hybrid system. Different power
sources can be interconnected anywhere on the same power line, leading to
flexible system expansion. It is anticipated that this hybrid power generation
system, into which natural energy is incorporated, will contribute to global
environmental protection on isolated islands and in rural locations without
any dependence on commercial power systems. The authors have proposed a
unique standalone hybrid wind solar power generation system, which is
characterized by PLL control and dump power control. In particular, dump
power control allows for formation of a feedback loop in this system,
meaning that there is no requirement for a dedicated high-speed line to
transmit storage battery voltage and current data.

In case the power line is used as a media for data transmission, the line
voltage amplitudes can be applied as a means of data transmission; thus, there
IS no requirement for installation of any optical fiber transmission line or
power line carrier system through which harmonic signals are applied to

power line. In addition, neither dump load nor dump load control device are
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necessary. Under our dump power control, regulation of output is done
without battery overcharging, and effective use of surplus power is made
possible. This contributes to battery life extension and realization of a low-
cost system. The system, through ac system interconnection, will also allow
flexible system expansion in the future. Further, power sources including EG
can be flexibly interconnected anywhere through the same power line, and
power quality stability can be maintained by controlling the phase and
amplitude of ac output voltage. It is expected that this hybrid system into
which natural energy is incorporated, and which makes use of various power
control techniques, will be applicable in rural locations, even those with poor
communications media. The system will also contribute to global
environmental protection through application on isolated islands without any
dependence on commercial power systems [9].

The hybrid system consists of three power generation systems, photovoltaic
arrays, a wind turbine and battery or fuel cell. The PV and wind turbine are
used as the main power generation for the system and the battery or fuel cell
IS assigned as a backup power generator for the continuous power supply.

The design of hybrid power system is mainly dependent on the performance
of individual components. In order to predict the system’s performance,
individual components should be modeled first and then their combination
can be evaluated to meet the demand reliability. Over recent years several
modelling studies on hybrid renewable energy systems, have been conducted.
Among them, Chem V Nayar(1997) Proposed a 10 kVVA hybrid uninterrupted
power supply system jointly developed by Curtin University and Advanced
Energy Systems Ltd in Western Australia and installed in two state capital
cities in India with soft loan from the World Bank through the Indian
Renewable Energy Development Agency Ltd. The system, incorporating a
photovoltaic generator, battery bank, a bi-directional inverter/charger and

grid/diesel synchronizing controller, is a fully automatic system which can
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provide continuous, conditioned and regulated uninterrupted power for all
electrical loads.

The system, shown in Fig below, involves a combination of electrical power
sources such as the public electricity grid supply, a battery bank, a stand-by
energy source such as a diesel generator and solar photovoltaic generator
which produces electricity from sunlight. The system is named as a solar
PV/mains/diesel (SMD) Hybrid UPS system and it can provide electrical
power for critical functions and equipment when the quality of normal mains

power is not adequate or fails entirely.

Solar/Mains/Diesel Hybrid Uninterrupted Power System
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Figure 2.8: Solar PV/Mains/Diesel (SMD) hybrid UPS system

The SMD hybrid system incorporating a bi-directional inverter/charger and
grid/diesel synchronizing capability based on well proven Australian power
conditioning technology is a fully automatic system which can provide
continuous, conditioned and regulated uninterrupted power for all electrical
loads. The product is targeted to meet the essential critical loads of consumers
such as small offices, business centers, affluent houses, hospitals and
educational institutions[10].

In 2013 Xiangjun Li, Dong Hui and Xiaokang Lai prepare paper about the
battery energy storage station (BESS) showing the current and typical means
of smoothing wind- or solar-power generation fluctuations. Such BESS-based
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hybrid power systems require a suitable control strategy that can effectively
regulate power output levels and battery state of charge (SOC). This paper
presents the results of a wind/photovoltaic (PV)/BESS hybrid power system
simulation analysis undertaken to improve the smoothing performance of
wind/PV/BESS hybrid power generation and the effectiveness of battery SOC
control. A smoothing control method for reducing wind/PV hybrid output
power fluctuations and regulating battery SOC under the typical conditions is
proposed. A novel real-time BESS-based power allocation method also is
proposed. The effectiveness of these methods was verified using
MATLAB/SIMULINK software. The disadvantage of PV and wind power
generation is their unstable power output, which can impact negatively on
utility and micro-grid operations. One means of solving this problem is to
integrate PVGS and WPGS with a BESS. For such hybrid generation systems,
control strategies for efficient power dispatch need to be developed.
Therefore, in this paper, a novel SOC-based control strategy for smoothing
the output fluctuation of a WP and PV hybrid generation system has been
proposed. Additionally, the SOC feedback control strategy and the real-time
power allocation method for timely regulation of battery power and energy
are presented. Simulation results demonstrate that the proposed control
strategy can manage BESS power and SOC within a specified target region
while smoothing PVGS and WPGS outputs.

At present, how to control the SOC of the energy storage system is an
ongoing research topic. We also need to combine the characteristics of the
battery, and do further research and exploration. From the present research
results, it can be seen that by using the proposed control method, the SOC of
each battery energy storage unit can gradually move toward 50% with the
increase of control time although the initial SOC of the energy storage unit is
different. It is also considered that this control method can make the storage
unit share the load as consistently as possible, so as to achieve the effect of

extending the service life of the energy storage system and, therefore, can
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delay the accelerated decay of the battery performance. Moreover, it should
be noted that some filtering on the BESS charge and discharge power have
been achieved by using a power fluctuation rate constraint as the smoothing
control target to prevent excessive excursions to “chase down” every PV or
wind power output fluctuation.

In addition, this paper was mainly focused on the control strategies of BESS
and smoothing based on battery capacity established conditions. Another
significant issue is the means by which an appropriate battery capacity for this
application is to be determined. The power control strategies for large-scale
wind/PV/BESS hybrid power systems taking into account the optimum
capacity of BESS and battery aging will be discussed in the near future
combined with smoothing control application of wind and PV power

generations [11].

26



CHAPTER THREE
DESIGN OF THE HYBRID POWER SYSTEM

3.1 Introduction

A “hybrid” is something that is formed by combining two kinds of
components that produce the same or similar results. A photovoltaic diesel
hybrid system ordinarily consists of a PV system, diesel gensets and
intelligent management to ensure that the amount of solar energy fed into the
system exactly matches the demand at that time.
The hybrid systems are becoming the best solution for telecom applications
because these days all the research is working to reduce the running cost for
sites in the rural areas. The rural areas sites are becoming the most expensive
due to the fuel transportation cost and limitations in the access roads. This
was one of the reasons for this study as we take one of type of the hybrid
systems; the system is hybrid PV and diesel with backup battery. The
considered site for this study is real telecom site located in Ethiopia and the
system was supplied by Ericsson the Sweden vendor as shown in the Figure
3.1, In this chapter, we will show the all the system component and the
calculation for the site under our study.
3.2 PBC 05 HC Solar Hybrid
The PBC 05 HC solar hybrid is an outdoor power system which converts
input power from AC mains or solar panels into -48V DC power. The PBC 05
solar hybrid DC power system is the most adequate option to be considered
when solar hybrid solutions are required as it has both rectifier and solar
capabilities. It can support up to 18KW rectifier capacity and 18KW solar

capacity.
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Figure 3.1: Schematic drawing for the hybrid PV and diesel with backup
battery

The PBC 05 HC solar hybrid DC power system can be used to
power up different Telecom RBS cabinets and remote radio units like
RBS 6301, RBS 6102, RBS 6101, RRUS01 and RRUS12. Also, it can
be used to power up the different telecom DC equipment after
considering the max power. The PBC 05 HC solar hybrid DC power
system supports only floor mounting scheme. To ensure long life and
low operational cost, the PBC 05 HC solar hybrid features the Direct
Air Cooling (DAC) system, with linear speed regulated fans and a
particle filter. The temperature is sensed by a temperature sensor
located in front of the fan. The fans start (minimum speed) when the
temperature in the enclosure increases above +30 °C. If the inside
temperature continues to increase, the fan speed will increase. As
temperature decreases, fan speed also decreases. If a fan stops due to a
failure, an alarm signal is sent to the power system’s controller. Figure
3.2 in the below shows the appearance of the PBC 05 HC solar hybrid

DC power system.
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Figure 3.2: PBC 05 HC solar hybrid DC power system

Table 3.1 shows the mechanical characteristics of the PBC 05 HC solar

hybrid DC power system.

Table 3.1: PBC 05 HC solar hybrid’s mechanical characteristics

Width Height Depth

708 mm |1769 mm| 789 mm

Table 3.2: PBC 05 HC solar hybrid’s environmental characteristics

Description Value

Maximum operational temperature:
50°C.
Operational temperature

Minimum temperature: According to
range

the recommended minimum ambient
temperature for the specific battery or
19" equipment to be installed.

Temperature range,

transportation and storage 4010 70°C

Normal operation: 15 to 100%
Relative humidity

Transportation: 5 to 100%
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Table 3.3 shows the AC input characteristics of the PBC 05 HC solar hybrid
DC power system.

Table 3.3: PBC 05 HC solar hybrid’s AC input characteristics

Parameter Value

Nominal: 200250V AC

Input Voltage Range: 85-300V AC

1-, 2-, and 3-phase connection

Line Frequency 45-65Hz

High-efficiency: 96%
Rectifier Efficiency
230 V AC for 20%—-90% load

20KA (L-N)
40kA (N-PE, nominal surge current,
8/20ps)
SPD class C (IEC/VDE)

AC Surge Protection

Table 3.4 shows the DC input characteristics for the solar MPPTs that are
used in the PBC 05 HC solar hybrid DC power system.

Table 3.4: PBC 05 HC solar hybrid’s DC input characteristics

Parameter Value

Nominal: 140-400V DC

Input VVoltage

Range: 120420V DC
Line Frequency 45-65Hz
Rectifier Efficiency High-efficiency: 96%
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Table 3.5 shows the DC output characteristics of the PBC 05 HC solar hybrid

DC power system.

Table 3.5: PBC 05 HC solar hybrid’s DC output characteristics

Description Value
Nominal Output Voltage -48V DC (-15% / +20%)
Output Voltage Range -42 0 -58V DC.

Rectifier module capacity: 2kW.

Maximum number of rectifier modules: 9

Total maximum rectifier capacity: 18KW.
Output Power Solar MPPT module capacity: 2kW.

Maximum number of solar MPPT modules : 9

Total maximum solar capacity: 18KW.

Total Maximum system capacity: 36KW.

Main load distribution:12x13 mm wide CB

positions
DC Distribution

Priority load distribution: 9x13 mm wide CB

positions

CB Ratings (A) 150,125, 100, 80, 63, 50, 32, 25, 20, 16, 10,6, 2 A

DC Surge Protection The internal DC bus is surge protected with

maximum surge current (8/20us) is 15kA.

Battery Interface 2 x Circuit breakers each of 300A rating.
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3.3 Solar Panels

Ericsson has considered mono-crystalline solar panels to fully comply
with the requirements of the customer. The offered solar panels are
manufactured by “Trina Solar “which is one of the biggest global and good
manufactures for the solar panels. Table 3.6 shows the electrical

characteristics of the offered solar panels.

Table 3.6: Solar panel’s electrical characteristics

Parameter @ STC Value
Peak Power (Wp) 270W
Power Output Tolerance-PMAX (%) 3%

Maximum Power Voltage 30.8V
Maximum Power Current 8.77TA
Module Efficiency 16.5%

Open Circuit Voltage 38.6V

Short Circuit Current 9.23A

All the above-mentioned values are based on STC “Standard Test conditions
“where Irradiance is 1000W/m2, cell temperature is 25°C, air mass is 1.5
according to EN 60904-3. Table 3.7 shows the mechanical characteristics of

the offered solar panels.
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Table 3.7: Solar panel’s mechanical characteristics

Parameter

Value

Solar Cells

Mono-Crystalline

Number of Cells per Panel

60Cells

Solar Panel’s Dimensions (H x W x D)

1650 mm x 992 mm x 35 mm

Weight 18.6 KG
High Transparency Solar Glass
Glass
3.2mm
Frame Black Anodized Aluminum Alloy

Table 3.8: Solar panel’s different temperature ratings and coefficients

Parameter Value
Nominal Operating Cell Temperature 44°C
Operating Cell Temperature Range -40 to 85°C
Temperature Coefficient of PMAX -0.41%
Temperature Coefficient of VOC - 0.32%
Temperature Coefficient of ISC 0.053%

Figure 3.3 shows the mono crystalline solar panels.
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Figure 3.3: Mono-crystalline solar panel

3.4 Panel Support Structure

The function of the support structure is to hold the PV panels in place and
enables the panels to be tilted in a desired angle towards the sun such that the
optimum solar power is obtained. The support structure is built up by modules
allowing the structure to de designed for a desired number of PV-panels.
There are 4 different types of solar structure which are offered as in the
below,

e A low level solar support structure which can support up to 8 solar
panels.

e A low level solar support structure which can support up to 16 solar
panels.

e A high level solar support structure which can support up to 8 solar

panels.

e A high level solar support structure which can support up to 16 solar

panels.
The type of the solar structure will be selected based on the site’s
configuration in a way where the surface area required by all solar structures
can be minimized. The new PV-Max-S has a concrete foundation. The
foundation of ground-mounted solar plants on concrete foundations is an
efficient way of installing solar plants on sub soils that do not allow pile-
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driving or when pile-driving would not be economically efficient. This also
includes areas with chemically aggressive sub soils, as a foundation using
driven piles made of steel is not easy or even impossible on such soils. PV-
Max-S is also an option for small solar plants, because special soil surveys or
test pile-driving would be too expensive and out of all proportion to the

overall investment. Figure 3.4 shows an overview of the solar structure.

Figure 3.4: Solar structure’s overview

3.5 Exide OPzS batteries
The Classic OPzS solar range from Exide has been well proven for
decades in  medium and large power requirements. Due to their robustness,
long design life and high operational safety. They are ideally suitable for use
in solar and wind applications, telecommunications, power distribution
companies, railways and many other safety equipment power supplies. The
wide range of available capacities and sizes provides a solution for every
power need, even in harsh environments. The classic OPzS solar batteries
have special alloy and large electrolyte reserve which can grant a very long
topping up intervals which can be up to 3 years.
The main specifications of the solar OPzS batteries are:
e Nominal capacity range (C120 at 25 °C): 70 - 4600 AH.
e Very thick tubular positive plates for the most demanding applications.
e Up to 2800 cycles at 60 % depth of discharge (C10) with IU charging
profile at 20 °C.
e Designed in accordance with IEC 61427 and IEC 60896-11.

e Screw connectors for a better contact and reliability.
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e Available in two different versions dry-charged version with separate
electrolyte or wet charged with filled in acid.
e High quality transparent containers for easy maintenance

Figure 3.5 shows the appearance of the OPzS solar batteries.

Figure 3.5: Exide’s OPzS solar batteries

3.6 OPzS Battery Boxes

The OPzS solar batteries will be housed in outdoor boxes, the material of
the boxes is a thermoplastic compound died in the mass, designed for outdoor
use. It is also resistant to rapid temperature changes, shocks, UV, corrosion,
chemical agents and pollution. The offered boxes has the following
characteristics
Protection degree: IP 43 as per IEC 60529.
e Shock resistance: IK 10 as per IEC 62262.

e Dielectric rigidity: 6 kV as per IEC 60950, transversal resistance of our
material.

e Fire resistance: UL 94 V0.

e Acid resistance: no reaction while exposed to acids where in some
cases the acid might escape from the batteries and affect some plastic
materials (polyester) that turn grey or black. Thanks to their resistance

to chemical aggressions, the boxes are made from thermoplastic
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compound that do not have the same limitation and keep their aspect
for years.

e Corrosion: corrosion free (thermoplastics)

e Thermal insulation: K=0,3W/° C/m2
All the battery boxes are equipped with a 48V DC fan to grant sufficient
ventilation for batteries. Also the battery boxes have cable glands where the
battery cables can pass through to be connected directly to the battery
terminals. All the battery boxes are equipped with a front door which can be
used to check the acid level of the batteries. The battery boxes are delivered
as kits and they have to be assembled on sites based on the supplied
installation instructions. The battery boxes which will be used for housing the
1650 AH OpzS solar batteries can accommodate two battery strings in one
box, However the boxes which will be used for the 3100 AH batteries can
accommodate one battery string only due to the big dimensions of this battery
capacity. The dimensions of the battery boxes which are considered for
different battery capacities are:

e Forthe 1650 AH batteries,

(W x D xH) :2025 mm x 1890 mm x 1333 mm
e For the 3100 AH batteries,
(W x D x H) : 2025 mm x 1485 mm x 1453 mm

All types of battery boxes are equipped with 48V DC fan, 165m3/h in order to
secure the required ventilation for the batteries. Figure 3.6 in the below shows

an overview for one of the offered battery boxes,

Figure 3.6: Battery box’s overview
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3.7 Diesel Generator

The Generator set is a fully integrated power generation system,
providing optimum performance, reliability, and versatility for stationary
prime power applications with primary feature strong motor starting
capability and fast recovery from transient load changes. The torque-matched
system includes a heavy-duty 4-cycle diesel engine, an AC alternator with
high motor-starting KVVA capacity, and a voltage regulator with three phase
sensing for precise regulation under steady-state or transient loads. The Gen-
Set accepts 100% of the nameplate standby rating in one step, in Compliance
with NFPA110 requirements. Four different ratings are considered such that
all the requirements of different applications like hybrid, solar hybrid and grid
with backup DG are fulfilled. Tables 3.9 and 3.10 showing details related to
the engine and alternator of the 30kVA DG respectively.

Table 3.9: F4L.2011’s engine details

Brand Deutz, Germany
Model F4L2011
Cylinders 4
Displacement 3.11L
Induction system Naturally Aspirated
Bore / Stroke 94 mm/ 112 mm
Cooling system Air cooled
Engine type In-line, 4 cycle
Prime power 30 KVA
Standby power 31.5 KVA
Speed 1500 RPM
Governor Mechanical
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Starting system

12 V batteries

Comp. ratio 19:1
Oil capacity 55L
Engine’s weight 293 KG

4+ Alternator

Table 3.10: P1144G’s technical details

Brand SATMFORD
Model P1144G
Insulation Class H

Phases

3 phases + Neutral

Connection

Series

Control system

Self-excited and

brushless
Winding Pitch 213
Rated power factor 0.8
IP degree 23
AVR model AS480
Regulation 1%
Weight 159 KG
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3.8 The Site Design and Consideration

All the design dimensioning and calculations which are applied for the

site under study are shown in this section.
+ By using the considered coordinates where the latitude is 6.927 and
the longitude is 37.83 into NASA solar meteorology web tool, the

monthly average solar insolation is stated in table 3.11.

Table 3.11: Monthly average solar insolation values

Month Jan | Feb | Mar | Apr | May | June |July | Aug | Sep | Oct | Nov Dec
Solar 596 | 633 |63 |591 571 |519 |4.68|4.97 555|577 |6.07 5.97
insolation

kWh/m2/day

+ Total maximum power consumption of the radio, Transmission equipment,
Climate system of the power cabinet and the climate system of the battery
boxes to be used = 2,253 Watts

+ Minimum required battery capacity to achieve 3 days’ autonomy
(Customer requirement) = (Total power consumption x required autonomy
in hours) / (nominal voltage x Depth of Discharge) = (2253 x 72) / (48 x
0.8) =4224.3 AH, as per table 3.12 in the below, the most adequate battery
to be used from the offered battery capacity will be OPzS solar 3100 as its
capacity at C72 is 2910 AH, So two battery strings each of OPzS solar
3100 will be used in order to fulfill the required 3 days autonomy.
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Table 3.12: Different discharging rates of OPzS solar batteries

0Pz5 Solar 190 122 132 134 145 165 175 185 190 200

0Pz5 Solar 245 159 173 176 190 215 230 240 245 260
0Pz5 Solar 305 203 220 224 240 270 285 300 3035 320
0PzS Solar 380 250 273 277 300 330 350 370 380 400
0PzS Solar 450 2986 325 330 355 395 420 440 450 470
0Pz5 Solar 550 333 391 398 430 480 313 540 950 380
0PzS Solar 660 422 469 AT7 219 a73 615 645 660 695
0PzS Solar 765 492 246 959 600 670 710 750 763 8035
0PzS Solar 985 606 700 710 770 860 920 70 985 1035
OPzS Solar 1080 669 73 784 845 240 1000 1035 1080 1100
OPzS Solar 1320 820 937 950 1030 1150 1230 1295 1320 1385
OPzS Solar 1410 888 1009 1024 1105 1225 1305 1380 1410 1440
OPzS Solar 1650 | 1024 1174 1190 1290 1440 1540 1620 1650 1730
OPzS Solar 1990 | 1218 1411 1430 15350 1730 1850 1950 1990 2090
0OPzS Solar 2350 | 1573 1751 1770 1910 2090 2200 2300 2330 2470
OPzS Solar 2500 | 1667 1854 1875 2015 2215 2335 2445 2500 2600
OPzS Solar 3100 | 2080 2318 2343 2520 2755 2910 3040 3100 3250
OPzS Solar 3350 | 2268 2524 2550 2740 2085 3135 3280 3330 3520
OPzS Solar 3850 | 2592 2884 2015 3135 3430 3615 376D 3830 4040
OPzS Solar 4100 | 2775 3090 3125 3335 3650 3840 4000 4100 4300
0PzS Solar 4600 | 3099 3451 3490 3765 4100 4300 4500 4600 4850
0PzS Solar 280 203 206 229 250 296 304 287 294 338
0PzS Solar 350 245 237 284 311 374 383 355 364 424
0PzS Solar 420 284 309 322 354 420 432 408 n7y 482
0PzS Solar 70 59.0 51.5 63.7 69.4 78.4 79.8 81.0 a2.7 92.9
DPzS Solar 140 95.4 103 108 118 141 145 136 139 162
0OPzS Solar 210 131 154 162 177 206 217 203 210 234

<+ As per the solar insolation values stated in table 3.11 in the above the less
insolation per year 4.68 KWh/m2/day and the Peak Power is 270 W per
module and by considering 30% as power losses. The max power per PV
module = (270 x 4.68 x 0.7)/1000=0.88 KWh/day.

+ The total energy consumption value per day = 2253x24/1000 =
54.07KWh/day, the number of required solar panels will be =54.07/0.88=
61.4, After Roundup 64 panels.

<+ Since the output of 8 solar panels can be connected to 1 MPPT module,
then the number of required solar MPPTs will be 8 modules.

< Considering the number of the required solar panels which are 64, Then
two high level support structure which can support up to 16 solar panels
and two low support structure which can support up to 16 solar are

required.
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The choice between the high and the low support structure is done in a
way to grant that all the cabinets like RBS cabinet, Power cabinet and

battery boxes will be installed under the solar support structure.

+ Figure 3.7 shows a plan view for the distribution of the solar panels and
the required clearance between the solar structures with each other’s and
the solar structures with the site’s fence. The clearance between the site’s
fence and the solar structure is based on a fence of 2-meter-high, If the
site’s fence will be more than 2 meters then the clearance value must be

changed in order to avoid any unexpected shading.
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Figure 3.7: Plan view for the solar panels configuration

+ Rectifier Module Number= (Load Current+ max Battery Charging
Current)/ Single Rectifier Module Amperage Capacity Number of
Rectifier modules = ((2253/48) +300)/40= 8.6 After Roundup =9

+ Total input power required by the rectifier modules which will be
feeding loads and recharging the batteries = (Number of rectifier
modules required to feed the loads and recharge the batteries x
capacity per module) / (Module conversion efficiency x Module
power factor) = (9 x2000) / (0.96 x 0.99) = 18939.4VA

+ Minimum required DG capacity which shall be considered = Total

required input power / (Maximum allowed loading percentage x (1 —
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De-rating factor)) = 18939.4/ (0.8* 0.86) = 27528.2VA. As per the
available DG capacities, the most adequate DG capacity to be offered
will be the 30 KVA.

3.9 Summary

The summary of the proposed solution for site under study:

+ PBC 05 HC solar hybrid DC power cabinet with 8 solar MPPTs and 7
rectifier modules, the cabinet will be equipped with 6 x 25 A circuit
breakers to feed the 6 remote radio units, 1 x 150 A circuit breaker to feed
the RBS 6301 cabinet, 2 x 20 A circuit breaker to feed the DC fan of the
battery box and 2 x 6 A circuit breaker to feed the Ericsson site controller
that will be installed inside the free space of the PBC 05 solar cabinet.

+ 64 solar panels each of 270 Wp in addition to, two high level support
structures each will be mounting 16 solar panels and another two low level
support structures each will be mounting 16 solar panels, each 8 solar
panels will be forming one string which will be connected to one MPPT
modules through a SPD box.

+ Two battery boxes, each will be housing one battery string of 3100 AH
C120. Each battery string will be connected to 150 A battery circuit
breaker in the PBC 05 HC solar hybrid DC power cabinet.

+ 30 KVA DG with a built in ATS of rating 50 A.

+ A separate fuel tank of 5000 L capacity.
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CHAPTER FOUR
SYSTEM MODELING AND SIMULATION RESULTS

4.1 Introduction

This chapter will present the modeling and simulation results for the solar-
diesel hybrid power system with back up batteries applied for telecom load.
The power applications and system design, modelling and simulation are
essential to optimize control and enhance system operations.

The following subsections present the implementation of the PV/diesel and
rectifier /lead acid battery hybrid system model. Modelling and simulation are
implemented using MATLAB/ SIMULINK and SIMPOWERSYSTEM
software packages. The block diagram of the developed hybrid power system

Is shown in Figure 4.1.
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attv|
-Batt|
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Figure 4.1: Solar-diesel hybrid power system with back up batteries applied

for telecom load Simulink model
4.2 Simulink Model Construction of PV System
The PV array block implements an array of photovoltaic modules. The
array is built of strings of modules connected in parallel, each string
consisting of modules connected in series. The PV array block is a five-
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parameter model using a current source IL (light-generated current), diode (/-
and nl parameters), series resistance Rs, and shunt resistance Rsh to represent

the irradiance- and temperature-dependent I-V characteristics of the modules.

| 1 “*";\Q*:*
be lgf «% T

Figure 4.2: Equivalent circuit for the Solar Cell
Where:
Irradiances (W/m?): This parameter is available only if Display I-V and P-V
characteristics of specified irradiances or array @ 25 deg. C and specified
irradiances. is a vector of irradiances in W/m? the design we consider it 1000
W/m?.

Light-generated current IL (A): Current for one module under STC, flowing

out of the controllable current source that models the light-generated current.

Diode saturation current I. (A): Saturation current of the diode modeling the
PV array for one module under STC. An optimization function determines
this parameter to fit the module data and it is controlled by the vector of

irradiances.

Shunt resistance Rsh (ohms): Shunt resistance of the model for one module

under STC and the selected value is 550 ohm.

Series resistance Rs (ohms): Series resistance of the model for one module

under STC and the selected value is 0.04 ohm.

Because of the PV array block is connected to a detailed power electronic

converter where real switches are simulated, we need to specify a small
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sample time to get accurate resolution in output curves. Figure 4.3 shows the

PV system Simulink model.

4.3 Simulink Model Construction of Buck DC-DC Converter

To obtain a nonlinear model for power electronic circuits, one needs to apply
Kirchhoff's circuit laws. To avoid the use of complex mathematics, the
electrical and semiconductor devices must be represented as ideal components

(zero ON voltages,

PV

MPPT Voltagel

PVa

=]

Figure 4.3: PV system Simulink model

zero OFF currents, zero switching times). Therefore, auxiliary binary
variables can be used to determine the state of the switches. It must be
ensured that the equations obtained by using Kirchhoff's laws should include
all the permissible states due to power semiconductor devices being ON or
OFF. Figure 4.4 shows the buck converter circuit diagram.

As shown in Figure 4.4, the buck converter consists of a DC supply or a
rectified AC output, two switches i.e. D (diode) and S (can be semi-
controlled or fully-controlled power electronics switches), two-pole low-
pass filter (L and C) and a load. Let the duty ratio of switch S be:
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D ="on (4.1)
Where:

T =Ton + Torr (4.2)

Figure 4.4: Buck converter circuit diagram
This circuit can be studied in two different modes. The first mode is when
the switch S is on while the second mode is when the switch S is off. The

circuit diagrams when the switch S is ON is given in Figure 4.5.

Vg Ve Z<c |Loa0 |y

Figure 4.5: Buck converter circuit when switch S is On (Mode-I)

The Voltage across the inductor is defined by:

dl
Where:

The load current I can be calculated as:
VO

I == (4.5)

R

47



When the switch S is on and applying the Kirchhoff*s Voltage Law (KVL),
we can get,

Vs=V,+Ve=LZ+V, (4.6)

Figure 4.6 shows the buck converter circuit when switch S is off.

+

Ve =< |LoAD V,

Figure 4.6: Buck converter circuit when switch S is Off (Mode-11)

When the switch S is off, the KVL in Fig 4.6 gives,

V,+V-=0 (4.7)
dl

> V==V = W= _LE (4.8)

As the output voltage is assumed constant by the small-ripple
approximation,

d
= L d—i = constant (4.9)

Waveforms of the voltage and current during the one-cycle period are
shown in Fig 4.7

Vg—Vo

(Imax — Imin) switcH-on = T DT (4.10)
And

Vo
(Imax — Imin) switcH-oFF = - (1-DT) (4.11)
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Imax—Imi
= Average Inductor Current = w =1

From Figure 4.7 and from the steady-state perspective, magnitude of the
inductor current increment during switch on is equal to the inductor current

decrement during switch off; i.e.

|(Imax - Imin)SWITCH—ON | = |(Imax - Imin)SWITCH—OFF

A4S

- (
0 >
A D DT T !

=)
~v

=]
~v

Vs-Ve

Figure 4.7: Supply current is, diode current id, inductor current i, and

inductor voltage V; waveforms respectively (buck converter)

Vs

=

L_V° DT |= |—%(1 — D7) (4.12)

In the case of the buck converter, output voltage is directly dependent on
the duty cycle and the input voltage.
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Figure 4.8: Buck converter Simulink model
4.4 Simulink Model for Battery System
The Battery block implements a generic dynamic model parameterized to
represent most popular types of rechargeable batteries. The parameters of the
equivalent circuit can be modified to represent a particular battery type, based
on its discharge characteristics. A typical discharge curve is composed of

three sections, as shown in figure 4.9.
Typical Discharge Characteristics

E - Discharge curve
Fully Chargedg: s orirerr i I Nominal area
Exponential P RRRRIRS R TR LY “| C_——J Exponential area
Nomingl -« oorererrrrmmis s - -
Exponential Nom Max
Capacity (Ah)

Figure 4.9: Battery discharge characteristics
The first section represents the exponential voltage drop when the battery is
charged. Depending on the battery type, this area is more or less wide. The
second section represents the charge that can be extracted from the battery
until the voltage drops below the battery nominal voltage. Finally, the third
section represents the total discharge of the battery, when the voltage drops
rapidly. When the battery current is negative, the battery will recharge

following a charge characteristic as shown in figure 4.10.
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Note that the parameters of the model are deduced from discharge
characteristics and assumed to be the same for charging. Figure 4.11 shows

the battery system Simulink model.

Typical Charge Characteristics
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Figure 4.10: Battery state of charge characteristics

+Battv -BattVv
Vout

[ o
E

Scoped

=Current (A)>

A A
A

Figure 4.11: Battery system simulink model
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E Block Parameters: Bm M

nominal values" parameter to edit the discharge characteristics. -

Parameters | View Discharge Characteristics | Battery Dyn 4 1»

Battery type ’Lead—Acid v]

Nominal Voltage (V)

48

Rated Capacity (Ah)
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Initial State-Of-Charge (%)

70
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Maximum Capacity (Ah)
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Fully Charged Voltage (V)
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Internal Resistance (Ohms)
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Figure 4.12: Battery system parameters values.
4.5 Simulink Model for DG, Rectifier, and telecom load system
The DG will work as backup when the battery voltage is less than the
minimum operating voltage for the telecom load so the rectifier system will
convert the AC power to DC. The DG and rectifiers are simulated using fixed

DC source controlled by the battery voltage value as shown in Figure 4.13
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Figure 4.13: Simulink model for the DG and rectifier system
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Figure 4.14 shows the flow chart of DG and rectifier control system.

I: Start :I

Initialize
Vref =425V

Measure the battery voltage
(Vb)

No Yes
Vb > Vref

Start the DG &
Rectifier

END

Figure 4.14: DG and rectifier control system flow chart
As the telecom load is working with DC it can be simulated as resistive load

as shown in Figure 4.15.
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Figure 4.15: Simulink model for the telecom load.
4.6 Simulation Results
This section presents the simulation results compared with real data taken

from the real telecommunication site. The simulation was set up as discussed

in pervious sections where the system is working under the PV system,
53



batteries and DG+ Rectifier is working as backup system. The real data was
captured from the Ericsson monitoring system as shown in figure 4.16. The
monitoring system is measuring the solar converter input voltage also is
showing the battery voltage, current and SOC in addition to load voltage and

current.

Solar Gonverter - Inputvoltage:

Alarme

Figure 4.16: The hybrid sites Monitoring system GUI.
This monitoring system is receiving the actual data from the installed sensors
in the sites which will be saved in the storage server. This server is showing
all these data in the graphical user interface (GUI) as shown Figure 4.16.
Below is comparison between the simulation and real site results.
4.6.1 PV system output voltage
Figures 4.17 and 4.18 shows the PV system output voltage from the real site
simulation, respectively. From the real system, it can be seen that the output
voltage is staring around 6:45AM as this is the time that the sun rises in area
of this site and it continue till 18:00PM. The output voltage is changing
during the day time between (200 — 300)V and due to many factors, the
important ones are the PV cell Temperature and the shadow due to the clouds.
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Figure 4.17: The monitoring system PV output voltage
From simulation, it considered that the sun rises at 0.06 sec which is
equivalent to 6:00AM it considers fixed irradiance and temperature effects
can be ignore. The sunset is around 0.18 which is equivalent to 18:00PM and
it will be repeated on the next day at 6:00AM which will be after 30 hours

from the beginning and it will continue like that.

PV System Output Voltage
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Figure 4.18: Simulation for PV system output voltage

4.6.2 PV system output current

In real site, there was no sense for the output current from the PV system.

Figure 4.19 shows only the PV system simulation output current.
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PV System Output Current

PV System Output Current

Figure 4.19: Simulation for PV system output current
From the simulation results it consider that the sun rises at 0.06 sec which is
equivalent to 6:00 AM at that time the voltage is fixed but the current will
start increasing exponentially till 14A the system will continue in 14A till the
sunset and it will start in the next day following same concept.
4.6.3 DC-DC converter output voltage and current
The DC-DC converter is used as electronic MPPT to control the output
power to the load. The converter is receiving the PV system output power and
converts it to the required voltage and power. Figure 4.20 shows the

simulation results for DC-DC converter output.

DC-DC Converter Qutput Voltage

DC-DC Converter Output Voltage
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Figure 4.20: Simulation for DC-DC converter output voltage
The DC-DC converter output voltage is following the input voltage from PV

system as the system voltage is equal to the battery voltage in the beginning
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of the time from 0 to 0.06 in that time the voltage of the PV system will start
increasing to 400V accordingly the DC-DC converter system output voltage
will increase to 50V and will be stable till the sunset after that the output
voltage is equal to the battery voltage. Figure 4.21 shows the simulation result
for DC-DC converter output current.

The DC-DC converter output current start when there is power coming from
the PV system and that will start after the sunrise at 0.06 which equivalent to

6:00AM at that time the current will start increasing exponentially till 105A.
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Figure 4.21: Simulation for DC-DC converter output current

The current will be stable in 105A for period after that it start decreasing at
sunset time 0.18 sec. At this time there will not be any current following
throw DC-DC converter.

4.6.4 The load output voltage and current

The telecom load rated voltage is 48V and the minimum operating voltage for
all the equipment is 42.5V due to that the system voltage must not go below
this value as showing in below plots for the voltage and current the voltage is
48V when the system is running with battery only and when the sunrise the
output voltage will become the DC-DC converter output voltage. Figures 4.22
and 4.23 show the simulation results for load output voltage and current,

respectively.
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The Load Voltage
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Figure 4.22: Simulation for the load output voltage

The Load Current
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Figure 4.23: Simulation for the Load Output current
4.6.5 The battery voltage, current and SOC
The battery system plays very important role in the hybrid system as it is the
main protection for the load during the change between the different operation
modes. Figures 4.24 and 4.25show the battery voltage output from the real
site and simulation, respectively.When the DC output voltage from the DC-
DC converter start increasing above the rated voltage the battery will start

charging and the voltage will be the same to the DC-DC converter output.
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Figure 4.24: The monitoring system battery voltage
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Figure 4.25: Simulation for the battery voltage

The rated voltage for the battery is 48V and the initial SOC was considered
70%, so the battery starts discharging since there was no sun at that time.
When sunrise at 0.06 the voltage will start increasing as the DC-DC converter
voltage is higher than the battery voltage. After the voltage is reaching the
peak value around 50V it will be stable till the sunset around 0.18 so after that
time the voltage will be the battery voltage. Figures 4.26 and 4.27 show the
battery output current from the real site and simulation, respectively.
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Figure 4.26: The monitoring system battery current

Battery Current
200 T T T T
L e T et S e -
a ; :
2 1 H
2 H ' :
@ : : :
2 : : :
£ H : ;
] H : :
H] : ' :
(5} : : : :
z i | i :
5 : : H
£ i ' . v
] H : : :
o : : : :
00 | em e s -
ABQ fe e esmnemnenenes T e R CEST R R RS LR SRR PIR —
200 | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Tim

Figure 4.27: Simulation for the battery current
The battery current had two states, first when the battery is charging where
the value will be in negative and the second when the battery is discharging
and it will be the value in positive. As shown in Figure 4.27, the battery was
discharging current around 60A as there is no sun yet till the sunrise time at
0.06 at this time the DC-DC converter voltage is higher that the battery
voltage so the current will charge the battery so the current value will be in
negative. The battery will be charging till the sunset 0.18 as at this time there
is no power coming from the DC-DC converter. Figures 4.28 and 4.29 show

the battery state of charge from the real site and simulation, respectively.
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Figure 4.28: The monitoring system battery sate of charge
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Figure 4.29: Simulation for the battery state of charge
The state of charge value will be changing with all battery operation status.
The first value must be more than 70% so for that when there is new solar site
they must charge the batteries from other source before they connect it to the
solar system. In the simulation, we set the start SOC for the battery is 70% so
the first period battery starts discharging till 69.998% till the sunrise time 0.06
at that time the battery starts charging so the SOC will start increasing till the

sunset time and it will continue the same way.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The solar, batteries and diesel hybrid power system for telecom site was
our target in this study in term of system design and performance. This site
was implement by Ericsson and the real data was taken as inputs for the
simulation.

The Simulation results and the real reading from the site was approximately
the same because of the real sites have changeable working conditions not
like the ideal condition which were considered for the simulation. The PV
system was assessed by considering fixed sun irradiance and ignoring
temperature effect and by capturing the output voltage and current to see the
effect of changing Irradiance. From real site, the PV system output voltage
was captured and the simulation Irradiance profile was adapted according to
the real site performance. As the needed rated voltage for the telecom load
and battery is 48V, the DC-DC converter was considered to give stable output
voltage for telecommunication load and for charging batteries.

In design of the real site the sun absent was consider for three days as it
will be cloudy during the raining seasons so the battery system capacity must
be enough for load for three days without any charging. The battery system
performance was capture from the real site in form of battery voltage, current
and state of charge.

In the simulation, the battery was design with the same specification to have
the same performance and for purpose of comparison. As backup system, DG
connected to rectifier system was considered to take over if there was any
issue with battery system with simple control logic following the busbar
voltage. The load was considered as resistive load and the voltage and current
were captured during the simulation period. The simulation time was very

small to reduce the running time as the design system is very complicated and
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contents a lot of inductors and capacitors which is putting huge delay to
complete the simulation.
The benefit from this study that it’s explaining how to design the hybrid
system in detail and it show how we can evaluate the performance of this site
in term of the stability and efficiency.
5.2 Recommendations

The solar, batteries and diesel hybrid power system is very effective for
small scales application due to many factors like the cost and the performance
so from this study we can recommend getting stable performance we can use
higher battery capacities to be sure from the power availability for our loads.
Also, we can ignore the DG and rectifier part for noncritical load to reduce

the capital cost. Future studies are:

Using fuel cells to replace the costly batteries in hybrid system.

Using DC generators in place of the DG and rectifier to reduce the

cost.

Introduce new source like wind for the high areas.

To apply the same system for agriculture applications.
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