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ABSTRACT

In recent years, the demand for electricity has been increasing every day, and microgrids
have received more and more attention due to efficient and reliable power sources. Due to
power fluctuations in power transmission systems, power distribution systems, power quality
disturbances, and severe power outages that may cause significant changes in grid voltage
and frequency, power systems are facing increasing challenges, and they make the system
unstable. Therefore, this unstable power system is leads to insufficient power access, and
making it difficult to achieve service continuity, which is more common in Ambo University
information center technology. That is why the energy management system of the microgrid
and the control of the standalone photovoltaic system are needed. The components used in
the microgrid system were such as the maximum power point tracking, photovoltaic panels,
batteries, and bi-directional DC to DC converters, and inverters were discussed. Data like
solar energy resource, load demand, and weather conditions of the selected area was
collected from primary and secondary resources. The energy demand of the selected site is
198.16 kWh. Based on the community's energy demand, CSS-MSP-250W photovoltaic
panels, 12V, 200Ah deep cycle batteries were selected. In addition, the cost of the equipment
used in the microgrid system is estimated and analyzed. The microgrid system is controlled
using a fuzzy logic controller and a proportional, integral, and derivative (PID) controller
is employed and analyzed to control the imbalance and variation of energy, to stabilize the
DC link voltage at 400V, manage the battery, and fluctuation of power among the microgrid
energy management system were proposed in this thesis work. Generally, the microgrid

energy management system is efficient, reliable and balanced.

Keywords: Battery, Converter, Fuzzy logic controller, Maximum power point tracking,

Microgrid, off-grid, and Photovoltaic
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CHAPTER ONE

INTRODUCTION

1.1. Background
Currently, renewable energy is becoming an essential part of life. However, most of the
people in developing countries are living without access to electricity. Especially, Ethiopia

Is one of these developing countries, which have no sufficient power supply [1].

The fact is that the demand for energy is growing day by day. Urbanization and
industrialization have created a huge demand for energy or electricity [1]. Today, the global
energy industry has entered a new era called "smart energy", which uses efficient, reliable,
more sustainable, continuous and safe energy production/transmission/distribution system.
The microgrid is a partial component of the load and the power, it operates in two modes in
the mode connected to the network and disconnected mode or in the off-grid mode with the
traditional centralized network (microgrid), and works in an autonomous. It is integrated
with distributed energy sources (DER), such as renewable energy, solar energy storage

systems or batteries.

Microgrids, smart grids and smart homes are the main technological importance in the field
of smart energy today and in the future. Among these microgrid concepts, the energy
management system (EMS) is explained in the following sections of this paper. Now, at this
time, mainly in developed and developing countries, microgrids are being applied and used
in university campuses, residential areas, industrial parks, farms and military camps. This
research focuses on an off-grid microgrid energy management system, that can provide
reliable and high-quality energy for all communities in the information center and
technology building.

Due to the increasing demand for energy and the increase in global greenhouse gas emissions
and air pollution, the microgrid system has been questioned [2]. Microgrid is a small power
system composed of many distributed power generation equipment, which can meet the
basic foundation of local demand, reduce customer power outage costs, system losses, and

improve the level of renewable energy.



Also, the significant environmental changes are considered in the design of energy
production and use of photovoltaic (PV) systems. However, energy is directly dependent on
the environment, for example, due to changes in sunlight and temperature, the radiation in
the photovoltaic system will change [3]. The standalone photovoltaic system consists of a
photovoltaic system with MPPT, a bidirectional DC-DC converter, a controller, a battery,
and an inverter. Due to the increase of power sources in the power system, microgrids have
received more attention. In addition, it also utilizes renewable energy by optimizing the total
cost of energy and stabilizing energy [4]. Generally, the energy management of microgrids

is more efficient, saving energy by eliminating energy surplus and insufficiency.

The photovoltaic system is a solid semiconductor that depends mainly on the technology,
which converts the fraction of the incident solar radiation (photons) from the DC electricity
with empty emission of carbon. The photovoltaic system can provide electrical energy to an
electrical grid that supplies electric power to a particular device and connected to an

electrical network or a system outside the network.

There are two types of batteries: primary batteries or dry batteries and secondary batteries or
rechargeable batteries. Primary batteries are stored and provide electricity, but they cannot
be recharged. But secondary batteries can store and transport electrical energy, and can

further charge and select solar photovoltaic systems.

In addition, the battery of the solar cell system has many advantages, such as energy storage
capacity, voltage, current stabilization and autonomy. It stores electric power and then
accumulates to supply power to the electrical charge according to the necessary

requirements.

Charge controller is the basic requirement of photovoltaic system. The wires and cables
come from solar panels and batteries, and all loads pass through the charge controller [5].
The function of the charge controller is to prevent the battery from charging, control how
the photovoltaic panel charges the battery, send information about the change of the charge
controller, protect the battery from being discharged, and disconnect the load when the
battery voltage is too low. Also, due to changes in temperature and irradiance, the
photovoltaic modules will also change.

This means that when the amount of solar radiation changes, the temperature of the

photovoltaic energy will change, the output of the photovoltaic voltage, and current will also

2



change [6]. Therefore, to control this change, the MPPT control will extract the maximum
power from the photovoltaic module, according to the operating mode of the photovoltaic

module.

1.2. Statement of the Problem

Ethiopia has abundant and reliable renewable energy resources. Today, energy demand is
increasing day by day and global greenhouse gas emissions are constantly increasing; Due
to the power transmission infrastructure, power distribution system power fluctuations,
power quality disturbances and severe power outages, the power system is facing increasing
challenges. Therefore, power fluctuations can cause significant changes in voltage and

frequency, which can make the system unstable.

This unstable power system is leads to insufficient power access, especially which is more
common in the Ambo University ICT center, and they are using the diesel or fuel generators,
which is expensive. Instead of diesel or fuel, the use of photovoltaic solar energy is
particularly important. Almost the communities do not have sufficient access to energy and
it is difficult to achieve continuity of service. Therefore, to solve these problems, a
standalone microgrid system is adopted to alleviate (reduce) power fluctuations, improve
power quality, and bring reliability and higher efficiency to the system.

This problem is more common in the Ambo University information center technology
building and can be overcome by reducing the total cost of energy and meeting the needs of
the community. Therefore, it can be solved by adopting microgrid energy management
system and standalone photovoltaic system control.

1.3. Objectives

1.3.1. General Objective
The main objective of this thesis is to develop and analysis the microgrid energy

management system using maximum power point tracker, fuzzy and fuzzy-PI1D controller.



1.3.2. Specific Objectives
The specific objectives are to:

¢ Determine the power and energy demand of ICT center building Ambo University,
Ethiopia.

+« Estimate and select the size of the PV panel, battery, MPPT controller, and inverter.

% Model and analysis of microgrid energy management system using
MATLAB/Simulink software

+«+ Develop a control system using fuzzy-PID controller

¢+ Optimize the microgrid energy management of the system using HOMER PRO

software

1.4. Scope of the Study

The scope of this thesis work tried to evaluate renewable energy issues and challenges in
access to electricity of ICT- center building Ambo University, Western Ethiopia, and also to
modeling and analysis of the Microgrid energy management and control of standalone PV

system for the selected area based on their energy demand.

1.5. Significance of the Study

Due to the application of modeling and analysis of energy management and control in
microgrids, the results of the work of this thesis are useful for the ICT centers by providing
uninterrupted and high-efficiency energy, as well as for users get more reliable, power
balanced, and responding to demand by applying standalone photovoltaic system. Also, the
work in this thesis will help other areas with similar insufficient electric access.

1.6. Limitations of the Study
In this thesis work, the simulation of system is limited to MATLAB/Simulink, and HOMER
PRO software. Also, it is focused only on simulation rather than actual implementation,

because it requires additional time, and cost to implement.



1.7. Organization of the Thesis
The organization structure of this paper is as follows:

Chapter one: This chapter includes introduction, background, problem statement and

objective. It also contains the scope and limitations of this research.

Chapter two: Contains literature review. This chapter reviews related papers, journals and

articles, and discusses most of the theoretical knowledge of the topic of this thesis.

Chapter three: This chapter uses a different methodology. In addition, the necessary data
required for this study is described. All mathematical equations, procedures and calculations
are also described. In addition, this chapter also includes, standalone photovoltaic system
control and microgrid power management models in MATLAB/Simulink. Each component

has a control model for system operation strategy.

Chapter four: This chapter presents the results and discussion. This chapter deals with the
results obtained from the technical and economic analysis and modeling of the microgrid

system.

Finally, in chapter five, an overall system conclusion, recommendations, and future works

related to this study were stated.



CHAPTER TWO
LITERATURE REVIEW

2.1. Theoretical Background of Microgrid Energy

Microgrid is a small power system close to consumers. The microgrid system is usually
described as a medium and low voltage distribution network containing several generations
of power sources, controllable loads, and storage devices or batteries [7]. It especially plays
a very important role in the use of renewable energy sources such as photovoltaic arrays.

After years of development, the microgrid concept and its technology have fully exploited,
its benefits by providing optimized integration of renewable energy, saving energy costs and
improving reliability. Similarly, microgrid applications have evolved into commercial and
industrial systems with reliable power. The microgrid application is the embodiment of the
smart grid concept. The smart grid concept describes the integration of technologies,
equipment and systems that provide and use digital information and control to optimize
energy efficiency, communication, reliability, security and protection [8]. Additionally, the
microgrid provides flexibility and increased reliability for power system protection and

control.

Microgrids are used to meet the energy needs of universities, hospitals, factories, data
centers, military bases, or entire communities [2], [3]. The following Figure 2.1 shows the

structure of the microgrid.

Electric Grids

Power
Wind g electronics
Generators‘ : Controller | | interfaces

Energy storage

1
PV Power Microgrid -
) H g o
panel %.g_;ﬂ_ electronics Power :.‘_::
r interfaces Distribution >~ T

Microturbines u—l L
> P |
Fuel cells []’ Battery storage

Figure 2.1. Structure of microgrid [11].




2.1.1 Types of Microgrid

I. Institutional microgrid: The campus environment or institutional microgrid consists of
several buildings; they are electrically connected through the campus network. In addition,
this type of microgrid is fully interconnected with public service networks and exists in the

near era, with various loads.

Ii. Remote "off-grid" microgrid: The remote or off-grid microgrid is an inherent area, far
from any transmission, so it has nothing to do with the utility network.

iii. Commercial and industrial microgrids: This type of microgrid is more developed in Asia
Pacific and North America [11]. But in the work of this thesis, an independent or off-grid

microgrid system is proposed.

2.1.2. Microgrid Operation Mode

The microgrid can operate in two modes, which are defined as follows [12].

i. Standalone Mode: It is suitable for situations where the network is far away, the upstream

network is faulty, or some maintenance operations are being performed.

ii. Grid-connected Mode: In this mode, the microgrid system is connected to the upstream
network or public network. The microgrid can be partially powered or supplied from the
main utility grid (depending on electricity or power exchange). But in this paper, an

autonomous mode is proposed.

2.1.3. Control of Microgrid

The important unit that controls the operation of the microgrid is the microgrid management
system, which operates independently or autonomously in the system, and connected to the
network, applies bidirectional power exchange and supports the components of the

microgrid system [8].

The microgrid energy management system is divided into three controls, which
comprehensively manage the operation of the microgrid and maintain the balance between
power generation and users [8], [13]. Such as primary control, secondary control and tertiary

control, respectively, are introduced as follows:

i. Primary Control: The main control works within a range of multiple times or the fastest
response time. The main control functions include off-grid detection, equalization control,

converter output control, and voltage regulation.



Ii. Secondary Control: It is the core layer for reliable and economical operation of the
microgrid system. The secondary control functions as a power management and power
generation control system. The power management system then minimizes the operating cost
of the microgrid and improves its reliability. It also adjusts the energy flow of the microgrid
system considering the state of charge of the energy storage system or the battery to ensure
its normal operation and save the life cycle of the battery.

Iii. Tertiary Control: It is the highest control and maintains the intelligence of the entire
system or the entire microgrid system. It involves the energy market and organizes energy
producers from an economic point of view considering the balance between consumers and

energy generation [14]. Figure 2.2 below is the microgrid management system.

Tertiary control Energy dispatch
[hours-day] objective,constrains
E*
E.SOC | sec Dndap; control Optimal power flow
| [minutes] SOC storage
: P* * %
Primary control |V, 1 Lorja.l control
[seconds] 7| [milli seconds] Microgrid
P 'A

Measurements

Figure 2.2. Microgrid energy management systems [14].

Advantages and disadvantages of using microgrid

The increase in energy demand has led to the use of microgrid, which has the following
advantages for electric energy: Best environmentally, energy quality, operation and cost
saving, and economy [15], [16]. In addition, in the microgrid, there are two ways to save
costs: one is to use surplus energy and power operation mode, because the power source is
close to the user's load, no energy or necessary infrastructure for energy is required. Second,

cost savings is achieve by integrating the power generation system.



Generally, the advantages of microgrid are:

% More efficient

+«» More flexible

¢+ Best environmentally friendly
¢+ More modular

¢ Less vulnerable

« Easier to control.

However, with the advantages of microgrids, there are also some difficulties to deal with,
such as high distributed energy load, high installation or investment costs, these difficulties

can be encouraged by customers and the government.

2.1.4. Microgrid Components

i. Background of Photovoltaic System

The photovoltaic system is an attractive renewable energy source for distributed power
generation due to its quiet operation and relatively small size [11]. As a result, photovoltaic
energy has increased significantly across the world. Photovoltaic array generates energy,
when exposed to sunlight [6]. However, multiple interface components are required to
convert, control, distribute, conduct, and store the energy obtained by the photovoltaic array.
The structures of PV are:

a. PV array: It is used to describe a group of modules in a single system. When the power
generated by the module is not enough to meet certain applications, the modules can be
connected in parallel, in series or meet the required power rating. Photovoltaic arrays consist
of multiple modules and modules made up of cells. It is a complete power generation unit,

containing any number of PV panels and modules.

b. PV cell: The photovoltaic cell is covered with a protective layer and becomes a
photovoltaic module, which is the basic assembly block of the photovoltaic system. When
light hits the surface of a solar cell, the solar cell accumulates semiconductors, so electrons

are released and collected from the metal connected to the cell.

¢. PV module: Cell combinations are called photovoltaic modules or called photovoltaic
panels. Most of the time cells are connected in series to increase the voltage rating of the

photovoltaic module or the panel. The electric power generated by the cell is very small.



Therefore, many cells are connected in series to increase the power rating. Figure 2.3 shows
the photovoltaic structure of photovoltaic cells, modules and array.

Module

Figure 2.3. Structure of PV cell, module, and array [4].

Ii. Types of Solar Photovoltaic Cells
Photovoltaic cells are manufactured in different ways using different materials. The material
used for the structure of solar panels is silicon with semiconductor properties. The types of

photovoltaic cells that dominate the world market fall into three categories:

¢+ Monocrystalline silicon cell
% Polycrystalline silicon cell

®,

¢+ Thin film

a. Monocrystalline silicon photovoltaic cell
Monocrystalline silicon cells have high efficiency and strong heat resistance. However, their
manufacturing process is low and labor intensive, making them more expensive than

polycrystalline or thin films.

b. Polycrystalline silicon photovoltaic cell

Polycrystalline photovoltaic cells contain many small crystal grains instead of a single
similar crystal structure. It is cheaper than monocrystalline cells, but has lower efficiency.
Approximately 70% of the world's photovoltaic production is dominated by the world

market.
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c. Thin film
Nevertheless, crystalline photovoltaic cells still dominate the market, and these cells are also
made of thin films. This makes them more durable and more flexible [17]. The result is very

thin and flexible, and it uses less than 1% of the silicon required for a crystalline cell.

Due to the reduction of raw materials and lower energy manufacturing processes, the
production cost of amorphous silicon cells is very low. Since the order of silicon atoms is
smaller than that of crystals, the efficiency is greatly reduced.

Thin-Film Polycrystalline Monocrystalline

Figure 2.4. Types of solar photovoltaic cells [17].

Table 2.1. Multi-criteria for types of photovoltaic cells [5].

Types of cells Efficiency rate Advantage Disadvantage

Monocrystalline cell 20% Highly efficient, Most expensive
Durable

Polycrystalline cell 15% Less expensive, Slightly lower
improving efficiency not as
efficiency durable

Thin film 7- 10% Low cost, easily Shorter warranties,

(Amorphous cell) Produced shorter lifespan

iii. Working Principles of Solar Photovoltaic

Conversion of the light comes from into electricity, or which generates voltage or current is
called the photovoltaic effect. When the semiconductor material in the photovoltaic cell is
doped, a photovoltaic effect PN structure is formed. Positive or p-type silicon can give up

electrons and gain holes, while n-type silicon accepts electrons.
11



When cells are affected by sunlight, photons from the light excite some electrons in the
semiconductor to form negative-positive pairs or electron holes, and then form an electric
field. This formed field causes positively charged particles to move in different direction.
Free electrons tend to pass through the n-side rather than the p-side, because electrons move
to the n-side, forming holes. Then the hole moves to the side or in the opposite direction to
the electron. Through the movement of electrons, an electric current is formed in the cell.
This process is called the way photovoltaic energy works in solar cells [19]. Figure 2.5 below

shows the working principle of photovoltaic solar energy.

Sunlight

n-type Material

p-n Junction

Solar Panel p-type Material

Figure 2.5. How photovoltaic solar works [19].

2.1.5. Electrical Characteristics of Photovoltaic Panel
Most PV modules are classified using standard test conditions (STC) [20]. Standard test
conditions are defined as a set of laboratory test conditions that are similar to the conditions

under which photovoltaic panels can be used.

Standard test conditions have the following factors:
Irradiance: It is the power or intensity of sunlight, described in watts per square meter
falling on a flat surface. The measurement standard is expressed in 1000 watts per square

meter.

Cell temperature: It will be different from the ambient air temperature. The standard test

condition defines the battery test temperature as 25 ° C.
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Advantages and disadvantages of photovoltaic modules:
Advantages: [6].
¢+ The photovoltaic system is silent and visually discreet
¢+ The energy produced by solar cells is silent and clean.
++ Photovoltaic solar energy is a locally available renewable energy source.
¢+ The photovoltaic system can be built in any size according to the energy demand.

Disadvantages:
+« Photovoltaic solar energy is a variable energy source, due to temperature and
irradiance.
¢ In addition, some toxic chemicals such as arsenic and cadmium are used in the
photovoltaic production process.

+«+ Photovoltaic panels are poorly maintained, easily damaged, and fragile.
2.1.6. Factors that Affect Reliability and Performance of PV Cell

i. Solar cell conversion efficiency (1)

The efficiency of photovoltaic solar cells is the relationship between the maximum output
power produced and the incident or input power [22]. Some output parameters will affect

the efficiency of photovoltaic solar cells, which are defined as follows.

_ vV, xI, xFF
P

n

M (2.1)

where: V,__ is open circuit voltage, |, is short circuit current, P, is the incident light power

on the device, and FF is the fill factor.

ii. Short circuit current

The short-circuit current is the current encountered, when the positive and negative
electrodes of the cell are short-circuited; in addition, the voltage between the negative and
positive terminals is zero, which corresponds to zero load resistance [22]. It depends on the

spectrum of incident light and the density of incident photon flux.
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iii. Open circuit voltage
It is the maximum voltage, when no current flows through the external circuit. Under open
circuit voltage, the terminals of the photovoltaic solar cell are open or disconnected from the

load.

iv. Fill factor

Fill factor is one of the important parameters to identify the efficiency of photovoltaic solar
modules. In order to provide maximum efficiency, the fill factor should be the largest and
close to unity on the current and voltage curves of the solar PV module. However, the value
of the FF gives a concept of the quality of the photovoltaic array, the closer to unity, the
greater the power that the array can provide [23]. It is the relationship between theoretical
power and maximum power, expressed mathematically as follows. The IV curve of the solar

cell variable fill factor is shown in Figure 2.6.

V.|
FE= _MP__mp (2.2)
VOC I SC
MPP
Isc - - !
Vmp ' Q
e A =1Isc X Voc
Current Areasslmp Xvmp
Voltage Vmp Voc

Figure 2.6. 1-V Curve with a varying fill factor of solar cell [22].

2.1.7. Maximum Power Point Tracker
The maximum power point tracker is used to extract the maximum power from photovoltaic
modules or panels under different irradiance and temperatures. The point where the

photovoltaic module produces the maximum power is called the maximum power point.

The output characteristics of photovoltaic arrays are affected by changes in temperature and

irradiance. When temperature and irradiance change, photovoltaic modules may not work at
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the maximum power point [24], [25]. Therefore, in order to overcome this problem, this
paper chooses the P and O methods. It is a maximum power point tracking technology, which
can extract maximum power from photovoltaic modules at any time and provide solar energy

efficiency.

The induced power output in a photovoltaic module depends on the temperature and
irradiance of the solar cell [26]. The photovoltaic module has a single operating point that
can provide maximum energy to the load. This point is called the maximum power point,
and it varies nonlinearly with cell temperature and solar irradiance, as shown in Figure 2.7.
Ipv (A) Pov (W)
F'y F'y
Ppvmax MPP

Tpvmas MPP

>
Vpvmax Vv (\’j Voumax
Figure 2.7. Maximum power points of | -V and P -V curves [7].

2.1.8. Perturb and Observe Technique

This technique is the simplest method. The time complexity of perturbation and observation
methods is much lower. It will not stop at the maximum power point, but will continue to
perturb in both directions. Once this happens, the algorithm is very close to MPP, and
appropriate error limits can be set, or it can use a wait function, which will eventually

increase the time complexity of the method.

The principle of the perturbation and observation algorithm is that with a small increase in
the working voltage of the photovoltaic panel, it is perturbed. If the power change generated
by the power supply is positive, it should go in the direction of MPP, and then continue to
perturb in the same direction [27]. If the power change is negative, it will move away from

the direction of the MPP, and the provided perturbation sign must be changed.

In this method, the first condition to check is that the current power is the same as the

previous reading. If the power does not change, it should run at the inflection point of the
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PV curve without changing the operating voltage. The second conditional statement
compares the power of the previous value with the current value. The voltage is then
compared with the previous value, and the direction of the maximum power point can be
determined from these samples. The duty cycle is perturbed in the direction of power
increase [28]. This method continues its working voltage from the photovoltaic module until
the maximum power is obtained. The flow chart of the perturbation and observation method

is shown in Figure 2.8 below.

l

Measure V,,,,(n), I, (n)

l

va(n) = va(n) B pv(n

|

Delay V/ (n) and P (n) by (n-1)
instant P (n-1), V (n-1)

|

AP,,,= By (n) - Byyp(n-1

AV, =V (n) -V (n-1)

Yes Yes

D =D +AD D=D-AD D=D - AD D =D + AD

| i l {

Figure 2.8. The flow chart of perturb and observe method [29].
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2.1.9. DC to DC Converters

A DC to DC converter is a power electronic circuit that converts DC voltage from one level
to another. There are many conversion methods, such as linear, electronic, magnetic, switch
mode, and capacitance. Among them, the circuit described in this paper is a switch-mode
DC to DC converter. This is an electronic device used, whenever there is a need to change

DC power from one voltage level to another.

They basically just change the input power at various impedance levels [29]. There are
various converters that can be used to change the voltage level to another level. Some of

them are discussed below.

i. The buck converter
ii. The boost converter

iii. The buck-boost converter

I. The buck converter

A buck converter is used in a circuit that reduces the voltage level of the output voltage
according to its requirements. The operation of a buck converter starts with an open switch,
which means that no current flows anywhere in the circuit. When the switch is closed, the
current flows through the inductor, which is slow at first, but gradually accumulates over
time. When the switch is closed, the inductor draws current through the diode, which means

that the voltage at the output of the inductor is lower than the first one.

ii. The Boost converter
A boost converter is a power converter whose output DC voltage is greater than its input DC
voltage. This converter has the same components as the buck converter, but produces an

output voltage greater than the source voltage.

iii. Buck-boost converter
Another basic switch-mode converter is the buck-boost converter [29]. The output of this

buck-boost converter will be lower or higher than the input voltage.

2.1.10. Energy Storage System
Energy storage systems are key components used in microgrids that rely on renewable
energy sources. It will provide voltage stability and smooth fluctuations that occur in

renewable energy power generation [24].
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The energy storage system is a backup system that integrates with the photovoltaic array
through a bidirectional converter to provide reliability and energy stability by charging
during off-peak load and discharge during peak load conditions. The energy generated by

renewable energy has certain fluctuations [30].

Energy storage systems allow energy to be used, when there is not enough power to generate
energy. The efficiency of the energy storage system will affect the performance of the
system, so it is necessary to conduct deep study on energy storage [31]. There are different
types of energy storage systems, such as batteries, fuel cells, flywheels, compressed air, and

super capacitors. Among them, the battery is selected and discussed.

2.1.11. Battery

A battery is an electrochemical device that can directly convert the chemical energy
contained in its active material into electrical energy, and vice versa [32]. Batteries are
mainly used as storage elements, because they store energy through an electrochemical
process and have a fast response during both discharging and charging. In addition,
compared with other energy storage devices such as supercapacitors, fuel cells, compressed
air systems, and flywheels, batteries have higher energy density. In addition, they can
provide flexible power management to improve the power quality of the microgrid power
generation system. [6]. Generally, batteries can be divided into two categories: primary

batteries and secondary batteries.

I. Primary batteries: These batteries are not rechargeable and cannot be charged, once
expelled and discarded [32], [20]. They are cheap, lightweight, and high energy density, and

are used primarily in portable electronic devices.

ii. Secondary batteries: This battery can store and transport electrical energy, which means
that it can be charged and recharged multiple times. It can be charged by passing it in the
opposite direction of the discharge current. [8]. They are more expensive than primary cells
and are used in applications that involve some discharge and charge cycles, such as solar

photovoltaic systems.

2.1.12. Specifying Batteries
When specifying suitable batteries for microgrid power management systems and standalone

photovoltaic systems, the following factors need to be considered [9], [10].
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I. Temperature correction: Most batteries are sensitive to extreme temperatures, and cold

batteries cannot provide as much power as hot batteries.

ii. Depth of discharge: Compared to the total charge capacity, the percentage of the battery
capacity (Ah) drawn from the battery is called the depth of discharge.

iii. Rated battery capacity: Represents the maximum energy the battery can produce in a

single discharge under specified discharge rate and temperature conditions.

iv. State of charge (SOC): The state of charge is the remaining capacity of the battery at

any time. It is equal to 1 minus the Depth of Discharge (DOD) given as a percentage.

v. Battery life cycles: The life span of any type of battery is difficult to determine, because
it depends on many factors, such as depth of discharge, charge and discharge rate, operating

temperature, and number of cycles.

vi. Days of autonomy: It refers to the number of days that the battery system continuously
releases power under a given load without being charged by the photovoltaic system.

2.1.13. DC to DC Bidirectional Converter
A bidirectional converter is a device used to reduce or increase the voltage level, with the
ability to flow power in the reverse or forward direction. The role of the bidirectional

converter is to regulate the DC power flow from the bus voltage in both directions.

When the solar power generation system is used to generate electricity, the output will
fluctuate, due to changes in environmental conditions. Due to the large fluctuations in
production, the power system must always be connected to energy storage devices such as
batteries. The battery stores excess energy during periods of low load demand and provides
backup in the event of a system failure [11]. Therefore, a bidirectional converter is required

to allow power to flow in both the forward and reverse directions.

2.1.14. Inverter
It is a device that converts direct current into alternating current [12]. As we all know,
photovoltaic panels generate direct current and standalone photovoltaic systems have

alternating current loads, so an inverter must be required to convert DC into AC power.
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2.1.15. Charge Controllers

The charge controller is used to manage the current to and from the battery in the microgrid
system. They are used to protect the battery and manage the DC bus voltage [13]. In a
microgrid independent photovoltaic system, the charge controller will control the
bidirectional converter by reducing the photovoltaic output voltage to reach the level
required by the battery. When the photovoltaic output drops to zero, the charge controller

will activate the bidirectional converter

The charge controller is usually a current and/or voltage regulator to prevent the battery from
overcharging. It regulates the current and voltage from the photovoltaic panel and delivered
to the battery. The main application of the charge controller is to provide the battery with
the highest possible state of charge. In addition, it can also protect the battery from
overcharging and disconnect the load to prevent over-discharge. If there is no charge control,
regardless of whether the battery needs to be charged, the current from the photovoltaic
module will flow to the battery in proportion to the irradiance [14]. If the battery is fully
charged, improper charging will bring the risk of battery voltage rising to an extremely high
level, resulting in internal heating of the battery, strong gas generation, accelerated network
corrosion and electrolyte loss, so that the charge controller can provide health and increase

battery life.

2.1.16. PID Controller

The PID controller is used to obtain better system dynamic constraints and reduce errors.
For the work of this paper, the PID controller is combined with the fuzzy logic controller,
which finds the error value and calculates the output value according to the error
characteristic. There is a detailed description at the end of chapter three. The control variable
will operate the bidirectional converter to control the energy flow between the battery and
the microgrid to stabilize the autonomous photovoltaic voltage. PID controller contains three

elements, such as P, | and D.

i. Proportional term: It makes a change to the output that is proportional to the current error

value. It can be adjusted by multiplying the error by K,, which is known as proportional gain.

ii. Derivative term: The derivative of the process error is founded by determining the slope
of the error over time and multiplying this rate of change by the derivative gain value [13],
[15], [16].
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iii. Integral term: Integral is proportional to both the magnitude of the error and the duration

of the error.

2.1.17. Energy Management System

Energy management systems play a very important role in managing and sending loads from
renewable energy sources to microgrid systems [17]. An efficient energy management
system can not only save sustainable energy, but also minimize costs. The energy
management system is essential for the stable operation of the microgrid, providing a high-

quality power supply and flexible operation for loads and consumers [18].

The main objective of energy management is to improve the efficiency of the microgrid
system and to use the energy given in the most prioritized way [19] and, [20]. In addition,
the energy management system of the microgrid maintains the state of charge of the battery
within a certain range, controls the charge and discharge of the battery, avoids over
discharge/overcharge, and controls the frequent conversion of charge and discharge by the
means of limiting the output power comes from the solar energy.

2.1.18. Energy Management Strategy

As we all know, solar power generation and load demand constantly change over time.
Combining photovoltaic power sources to meet demand requires some reliability of the
backup system and system switching between sources to adapt to changing needs. Therefore,
the energy management strategy aims to meet the load demand and provide efficient solar
energy. Therefore, in addition to photovoltaic energy sources, other energy sources such as
batteries and power generation are also used. In addition, the DC voltage of the microgrid
system remains unchanged [19] and, [18]. The EMS strategy can be used for autonomous

systems with batteries.

The microgrid energy management standalone PV system flowchart is shown in Figure 2.9

and then, the process is described in three cases which are:

Case i: When the power generation (PG) and load demand (PL) are equal. In this case, the
generated power by photovoltaic modules is equal to the total load of the ICT center, so the
load will be supplied by the power generation without any disturbance. In the first case, the

battery energy storage is not used, because there is no deficit or damped energy.

21



Case ii: When load demand is less than PVV-generated power. In this condition, the excess
power is transferred to the battery with consideration of the state of charge of the battery.

Case iii: When the load demand is greater than generated power from the PV modules. In
this case, if the SOC of the battery is greater than the minimum value, the battery can meet
the charging demand. In addition, if the battery SOC is lower than the minimum value, the
system will not be able to meet the load demand, and there will be insufficient power. For
energy storage, the SOC is between 30% and 85%.

Read Py,,4. Fp., and SOC
0.3=80C= No S0C=<0.3 No SOC=0.85
0.85
Yes Yes Yes
P}JF}PEDRd b Ppy}PEpad P;u: }Piond
Yes No Yes No Yes No
Charge Discharge Charge Shutdown Dumb load || Discharge

Figure 2.9. Flowchart of microgrid energy management system

2.1.19. Battery Management Systems

The Battery Management System (BMS) monitors the health of the battery by balancing the
battery during charging or discharging, and uses key information by measuring current and
voltage. BMS can estimate the state of charge of a battery using measured values and
information such as battery life and the number of charge or discharge cycles [21]. BMS can
also protect the battery from overcharge, undercharge, undervoltage, overvoltage and

overcurrent.
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2.1.20. Overall Microgrid Energy Management System and Control Standalone PV
System

Generally, a microgrid is a power distribution system that includes distributed power, loads,
energy storage devices, controllable loads, bidirectional converters, inverter, and control

algorithms of the system is operated in a standalone or off-grid mode in this thesis work.

The power generation is connected to the DC bus, the AC electrical load is taken out of the
DC power supply through the DC to AC converter, and then the AC power is supplied to the
AC load through the inverter [22]. The microgrid power management system involves
organizing power generation, charging, and storage of power or batteries to meet operational
objectives such as cost, availability, and customer needs. Figure 2.10 below shows the entire

microgrid power system.

Energy management and control

DC/DC
PV Solar Converter
(Boost) + MPPT
Inverter
Bi-directional
Battery converter

Figure 2.10. Block diagram of microgrid energy management of standalone PV system
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In this paper, the EMS of the microgrid has a photovoltaic system powered by solar energy.
It has a MPPT, which can extract the maximum power and improve efficiency through
observation and perturbation methods. The DC-DC or boost converter controls the
photovoltaic power according to its MPPT to increase the power generation of the microgrid
system. Photovoltaic power directly supplied to DC power, and then converts the DC power
to AC power through an inverter. In addition, the battery also stores energy and integrates
with the photovoltaic array via a two-way converter. Also, to manage and control the

microgrid energy management system, using fuzzy and fuzzy-PID controller are applied.

2.2. Related Work

Many researchers around the world have conducted research on the energy management and
control system of the microgrid, especially some researchers in Ethiopia. Many authors have
been studied based on renewable energy resources and the results have been published.

Among them, some papers are reviewed in the next paragraph.

In [23], the modeling and simulation of DC microgrid. It was proposed that DC microgrid
technology is based on renewable energy and system components such as photovoltaic
panels, wind, maximum power point tracking, charge controllers and inverters. The author
of this article takes the energy management and control of the DC microgrid system as an
objective, and uses MATLAB / Simulink to establish a simulation model of the DC
microgrid system, which is used for the electrification of small towns, and demonstrates the
viability of the DC microgrid. Also, energy management control to improve the loading and
unloading operations of the microgrid discussed. The DC microgrid uses a logic-based Pl

controller.

In [24], proposed the energy management of a DC microgrid with hybrid energy sources.
The proposed work is to effectively and reliably manage the energy requirements of the
system. The author's goal is to use a microgrid with unconventional energy sources such as
solar energy to increase its productivity. In addition, the author uses diesel generators in the

system. However, the use of diesel generators is not economical.

In [25], The modeling, design and analysis of independent photovoltaic DC microgrid
systems are proposed. The proposed components of the system are solar photovoltaic
systems, converters, incremental conductance, maximum power point tracking, bi-

directional converters, batteries and DC to AC inverters. An intelligent control method using
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fuzzy logic control is proposed for MPPT control. The stability and analysis of DC microgrid
system adopts step-up converter and bi-directional converter. It is recommended to use a
standalone PV system with a DC microgrid to power both DC and AC loads. However, it is
better to use fuzzy-PID controller rather than fuzzy-MPPT controller, in order to stabilize

the system.

Also, according to in [26], the modeling, design and analysis of independent photovoltaic
DC microgrid systems are discussed. The author's motivation is growing concern about

global warming, rising natural gas prices, and oil energy pollution.

In [27], the control algorithm of the solar energy village micro-grid system is proposed.
Based on the battery monitoring of the village solar microgrid system in Missouri, the author
studied grid-connected mode and standalone mode. The solar village microgrid system
design uses MATLAB/Simulink and the energy management algorithm is completed. In
addition, the load control algorithm also plays a very important role in the system control
algorithm. However, due to the lack of electricity in public services, the grid connection is

very difficult to use.

According to in [28], the author studied the power management system controller of an
isolated microgrid system located in a remote area of Papumpare in north eastern India to
achieve power access. The author recommends using the system controller method
developed in MATLAB/Simulink and integrating with HOMER PRO. The result obtained
is to manage the energy flow from the power source to the load in a cost-effective and

reliable way. The author did not include a bidirectional converter to stabilize the system.

In [29], a fuzzy logic control of a standalone system for photovoltaic energy conversion and
renewable energy innovation is proposed. This study uses the maximum power point
tracking function to maximize the power, adjust the charging power and control the battery
operation. The improved fuzzy logic controller is used to adjust the battery operation
method. The regulation of charging voltage is realized by PI controller. However, in order

to further stabilize the system, a fuzzy-PID controller is better.

The author in [30], proposed a control and energy management strategy of standalone DC
microgrid cluster using PV and battery storage for rural application. In this study, the
operation of the DC microgrid and the behavior of the system at different operating

conditions were evaluated under different conditions of the solar radiation and temperature
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changes for specific periods. The maximum power point trucking incremental conductance
(MPPT-IC) algorithm was applied to maximize the efficiency and regulate the output voltage
of the PV system to the desired DC bus voltage. The difficulty in this paper is the incremental
conductance algorithm is reaching slowly the maximum power point for rapid change of
irradiance. The system makes a lot of time to get the maximum power which leads to
disturbance of power. To overcome this problem, using perturb and observe algorithm is

reached first the maximum point rapidly than incremental conductance algorithm.

In [31], proposed the design, analysis and sizing of the PV/diesel/battery standalone hybrid
power system using HOMER. The purpose of this proposed work is to simulate and optimize
hybrid solar/diesel engine/residential energy storage. The components used in this article are
photovoltaic solar energy, batteries, converters, diesel generators and inverters.

In addition, the author also demonstrated the use of HOMER software to reduce Total Net
Present Cost (TNPC), Cost of Energy (COE), unsatisfied power load, and other cost
parameters. The author demonstrated that the use of available solar energy resources can
optimize dispatch and meet the energy demand curve. The difficulty of this work is that the
use of diesel generators is costly and uneconomical. In addition, it will produce more smoke.
Instead of using diesel generators, it is better to maximize the use of solar panels and choose

the battery with the best capacity and efficiency.

In [32], a bidirectional DC to DC converter for solar battery backup applications is proposed.
In this proposed work, a photovoltaic solar system with energy storage is realized with the
help of a bidirectional converter. By using a PI controller, the output load is controlled.
However fuzzy-PID is best controller than PI controller.

In [33], proposed the design of a standalone photovoltaic system for a typical household
around Dessie city Ethiopia. The components used were PV array, charge controller,
inverter, and battery storage. The size of the PV panel, inverter, battery, and cable is selected.
Cost analysis of the system in US dollar’s/kWh also calculated. But, the work of this author
did not carry out the issue of modeling and no controller parts are applied.

In [34], proposed the design and optimization of the standalone photovoltaic system based
on MPPT-FLC controller for electric bikes charging station. This author focuses on
modeling, sizing, control, and simulation of PV off-grid system for Maadi region, Cairo,

Egypt. The goal of the proposed PV system was to reduce the grid energy consumption and
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properly use renewable energy. HOMER software was applied for sizing and optimizing the
PV system. Maximum power point tracking technique, based on the perturb and observe and
fuzzy logic controller were applied for the controller. MATLAB/Simulink software was used
for the modeling of the system. But compared with FLC and P and O controllers, Fuzzy-PID

has better and faster response and steady-state output.

Generally, some papers are reviewed, which is related to this thesis work. Also, for each of
papers reviewed, its limitations were tried to discussed. The drawbacks of this reviewed
papers were: the use of diesel generators is not economical, bidirectional converter is not
included, some modeling and controller parts are not applied, and the system are unstable,
the incremental conductance algorithm is reaching slowly the maximum power point for
rapid change of irradiance, which makes a lot of time to get the maximum power, and leads
to disturbance of power. However, this thesis work is tried to solve the limitation of papers
reviewed. The stable power system is provided, instead of using diesel generators, the solar
panels and battery is selected which have best efficiency. Also, instead of using incremental
conductance, the perturb and observe algorithm is selected, which is reached first at the

maximum point rapidly than incremental conductance algorithm.
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CHAPTER THREE

MATERIALS AND METHODS

3.1. Description of the Research Context

Currently, microgrids are used mainly in developing countries, especially Ethiopia, are used
in industrial parks, universities and residential areas. The microgrid standalone PV-based
system is recognized which is reliable and particularly important for the community. In this
thesis work the study is to apply in Ambo University ICT center building which is in Ambo
city and 110km far away from Addis Ababa, Ethiopia.

3.2. Research Method

The study was conducted by reviewing different kinds of literature related to the microgrid
energy management system and control of the standalone photovoltaic system. In the work
of this thesis, the microgrid obtains the generation of energy from photovoltaic systems and
energy storage. The PV source is also classified into different components and the
communities are getting enough electricity according to their demands. Appropriate

equipment was selected by considering their demand with the best efficiency.

Microgrid energy management and control of standalone PV systems have been based on
solar renewable energy resources. The modeling, analysis, optimization, and mathematically
based microgrid have been done based on data collected from the selected area and others

like NASA. Finally, the simulation results and conclusions are analyzed.

3.3. Methods of Data Collection

The data used in this thesis work were collected from the NASA and Ambo University ICT
center building. Based on the demand, for ICT center building the required power has been
estimated and appropriate materials were selected. Based on the collected data, the modeling

and analysis of microgrid energy management and control of PV systems were done.

3.4. Methods of Data Analysis

Modeling and mathematical analysis are carried out by using different equipment for
simulation in MATLAB. In addition, optimization is done by using HOMER PRO software
to improve microgrid efficiency and minimize costs. Generally, the research of this paper
includes modeling and analysis of the energy management system of the microgrid, and the

control of the standalone photovoltaic system through the fuzzy-PID controller.
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3.5. Solar Resource Data of Selected Site

Ambo is one of the Oromia region’s cities in Ethiopia which is located 110 km from Addis
Ababa; Ambo university ICT center building is found in Ambo city and found at latitude
7.67° N and longitude 36.83° that is taken from NASA. The following Table 3.1 shows
Ambo University’s ICT center building daily average solar insolation.

Table 3.1. Monthly averaged radiation (kWh/m?/day)

Month Jan Feb Mar Apr May Jun Jul Awg Sep Oct Nov Dec
kWh'm¥d 594 601 606 347 517 477 424 451 3501 544 615 584

It can be seen from Table 3.1; the minimum radiation is 4.24kWh/m?/day in July and the
maximum average radiation is 6.15kWh/m? /day is gained in November. Ambo University
areas are getting enough sun and it is suitable for microgrid standalone PV-based energy
generation systems. The site location for the Ambo University ICT center building is found

from NASA and it is shown in Figure 3.1 below.

l(l

AMBO UNIVERSITY ICT CENTER

z Ambo Umversnty ‘JUnmIed Placemark

Figure 3.1. Ambo University, western Shewa, Ethiopia, source (Google map)

3.6. Energy Demand and Load Estimation
Different kinds of loads are taken from the selected area in the ICT center building such as
refrigerators, copiers, projectors TV sets, servers, network switches, and air conditioners.

They are shown in the following Table 3.2.
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Table 3.2. ICT center load demand and estimation

Loads Quantity | Rating | Adjusted Hrs./day | Energy/day
(W) Power (W) (kWh/day)

Lighting 122 15 1830 8 14.64

Air-conditioner | 8 1900 15200 2 30.4

Refrigerator 8 100 800 2 1.6

Printer 4 340 1360 1 1.36

Copier 4 300 1200 0.5 0.6

Desktop 140 80 11200 8 89.6

LCD Projector | 2 280 560 2 1.12

Servers and 2 500 1000 24 24

cooling

Network 4 370 1480 24 35.52

switches

TV set 1 150 150 1 0.15

Total loads Total watt = Total energy =

34.78kW ~35kW 198.99 ~200kWh

Table 3.2 above describes all the appliances, their energy consumption and the number of

operations. In addition, the total energy consumption of the electrical service of the ICT

center building is described. The energy capacity of the total load is 200kwh.

3.7. Sizing of Standalone PV Systems and Procedures

The first step in starting to adjust the size of a standalone photovoltaic system is to determine

the load consumption to be served. Therefore, the load estimation is based on the information

taken from the ICT center building of Ambo University [35]. To determine the size of a

standalone solar photovoltaic system, the first points to be estimated are:

Building load estimation

Sizing of the photovoltaic array and specification

Sizing of the battery

Sizing of the inverter

Sizing of the battery charge controller

Sizing of system cable

Economic analysis
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The following constant parameters are taken for sizing the photovoltaic system.

Table 3.3. Constant parameters used in photovoltaic array sizing [56].

No. Description Values
1 Battery efficiency 0.8<x<0.85
2 Temperature losses 0.9
3 Wire losses 0.9
4 Inverter efficiency 0.9
5 Depth of charge 0.85
6 Output efficiency 0.765
7 Combined efficiency 0.68

3.7.1. Sizing of the PV Array
Before sizing the PV array, the average energy demand in Watt-hour per day is obtained by
estimating all appliances and the number of hours, they are used each day [36]. The steps to

adjust the size are as follows:

Calculate total Watt-hours per day for each appliance used: Add the Watt-hours required
for all appliances to get total watt-hours per day.

Calculate the total Watt-peak rating needed for PV modules: Divide the total watt-hours
required by the combined efficiency and the PV modules per day by the average solar
radiation to get the total maximum power [37]. Then the total peak power is divided by the
DC voltage of the selected system to get the total PV current. Finally, the number of modules
connected in parallel and in series can be determined by the following formula:

| = Peak power
P System DC voltage

(3.1)

N, = System DC voltage (3.2)
Module rated voltage

_ Whole module current
P Rated current of one module

(3.3)

N,= N, x N, (3.4)
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where: 1 is total PV current
N, is number of series modules
N, is number of parallel modules

N, is total number of modules

3.7.2. PV Array Sizing
Load demand estimation of ICT center building (Ed) = 200kWh/day.

- Energy demand (3.5)
Combined efficiencies

pv

_ 200,000Wh /day
0.68

= 294,118Wh/day
The lowest average daily insolation is taken, (G min) = 4240Wh/m?/d.

Step 1: PV array sizing

— EPV 2
P = o= *1000W / m (3.6)

min

where: P, is the total power of PV array in watts

E,. is the total energy required from the PV array

G,;, is the minimum solar radiation of a month that occurred in a year.

Therefore, using Equation (3.6)

_ 294,118

. x1000 = 69368W
4240

Step 2: By using Equation 3.1, total PV current is calculated as follows:

Therefore, the PV module for design purposes (CSS-MSP-250W is selected.

Step 3: Number of PV modules in Parallel is found using Equation (3.3).

N = 174A _ 22.33 =~ 25 modules
P 7.79A

Step 4: Number of series modules is found using Equation (3.2)

N.= 490 =1298 ~ 13 modules
30.8
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Step 5: Total number of modules using Equation (3.4): N,= N x N, = 25x13 =325

modules

3.7.3. Total Area of Solar Panels Design
In the photovoltaic system design process, the size of the area covered by the solar module

is very necessary, therefore, considering the length and width of the photovoltaic module:

L =1640mm, W = 990mm
Area of single module isA=L xW (3.7)
Total area of solar panel is = (LxN_) x (WxN,) (3.8)

A = (1640mm x 25) x (990mm x 13)
A =527,670,000mm? = 528m?

3.7.4. Battery Sizing
Step 1: Energy consumption of battery:

E = Energy demand x days of autonomy

3.9
Efficiency x DOD x nominal battery voltage (3:9)

where: Energy demand (E, ) = 200kWh/day

Days of autonomy (N) =2
Depth of discharge = 0.85

- _ (200,000x2)

b = 615,148.02Wh/day
0.85x0.765

Step 2: Battery Ampere hour capacity:

E, . 61514802 _ jzagnp

C. =
bt 400

V,

nominal

Select the battery, which is any kind, 12V nominal and 200Ah rating from the specification
of deep cycle battery.
Step 3: Battery required for parallel:

C

B arralel = = (310)
’ Ah rating of battery

B arralel = 1538 = 769 ~ 8
P 200

V.
series) = M = 4‘;__020 =33.33~ 34

bnominal

Step 4: Battery required for Series (B
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x B = 8 x34 = 272 batteries

parallel

Step 5: The total number of batteries required = B

series

3.7.5. Charge Controller Sizing
The size of the charge controller depends on the maximum charge current of the photovoltaic
array and the rated current of the charge controller. [38].

Current controller rating = 1.25 x |, x N, (3.11)

where: 1.25 is the safety factor for sizing PV systems

I is the short circuit current of the PV module

sC

N, is the number of solar modules connected in parallel.

Therefore, the current controller rating = 1.25 x 8.49 x 25 = 265.31A
Therefore, based on values of current controller rating, 12V, 60Ah MPPT based solar

charge controller have been chosen from specifications.

Total current controller rating
Controller rating from specification

Number of charge controllers = (3.12)

_ 265.31A _,, .«
60A
3.7.6. Inverter Sizing
To determine the size of the inverter, it must be able to handle the expected maximum power
of the AC load. Therefore, 25-30% greater than the total AC rated power should be
considered [33]. The rated power of the inverter becomes 32950 + (0.26 x 32950) = 41517
W, so the selected inverter is CSI-10KTL1P-GI-FL, and the inverter is 11.5 KW x 4, which

can operate at the continuous nominal power required by the photovoltaic system.

3.7.7. Cable Sizing
Low voltage batteries, solar panels, cables and loads require particular wire sizes. It must be
the correct size, otherwise if it is too small it can be dangerous and cause heating, fires and

wasted energy. The following steps are followed to determine the cable size [39].
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Table 3.4. Values of parameters used for cable sizing [60].

Description Value
Length of cable 12m
Conductivity of copper 58 x10° s/m
Resistivity of copper 1.72 108 Q

The maximum current of the charge controller is defined as 125% times the rated short-

circuit current (I.) from PV specification.
I, = 1.25 % 8.49 x 25 = 265.31A

Generally, the cross-sectional area of the cable is given by the following formula [59].

_ 2x|Ix| (3.13)
Conductivity x \V,

where: p is the resistivity of copper wire

A is the cross-sectional area
V, is the maximum allowable voltage drops

| is the length of the cable and

I is the maximum current that can be carried by the cable or the conductor.

A= 2x10x 265.31 — 8.66mm2

58x10° > x 0.03x 400
m

Therefore, 10mm? is chosen from cable standard.

The maximum charge controller to load current = Total load power _ 35000W _ g7 5
System voltage 400V

To calculate the cable size between load and charge controller, the given voltage losses are
5%, length 10m, and 90A.

2x10x%90

- = 1.55mm?
5x10x°® x 0.05 x 400

Thus, the chosen area is 2.5mm? from cable standard.
The cross-sectional area of cable, between the charge controller and battery, the voltage
losses, is 0.02, length 10m and 160A.
_ 2 xLx]
58x10°%x V.

drop

3.14
x 400 (3.19
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_ 2x10x160
58 x 10°x 0.02 x 400

= 3.88mm? ~ 4mm?
To determine the cable size between load and inverter, it assumed that the length of the cable
for powering the load from the inverter is 10m and the voltage drop is 0.04 [39]. So, the
maximum current is given by:
In the case of a three-phase inverter, the maximum current given by:

l.
I — _inverter KVA 3.15
mex \/ 3 = Vout ( )

In the case of a single-phase inverter, the maximum current given by:

I - I inverter K\VA (316)

max
\V4

out

Therefore, the cable cross-sectional area between the load and the inverter is calculated as

follows: A= 2x15%50

= = 1.06mmq.
58 x10° x 400 x 0.04

So, from cable standard the chosen cable is 1.5mm?.

3.7.8. Economic Analysis

The net present cost, and cost of energy are the most important evaluation tool for the
economic behavior of renewable energy systems. It provides all system component's costs,
capital cost, replacement cost, operation, and maintenance cost. The initial capital cost of the
system is the cost required to purchase all the components of the system, such as photovoltaic
panels, batteries, charge controllers, converters, inverters, and installation (including wiring,
etc.).

Operation and maintenance costs are also annual recurring expenses for system
management, construction management, and regular maintenance. To continue to function
and provide efficient system performance, certain system components must be replaced
regularly in accordance with their type and operating conditions. [35], [40]. Cost estimation

of the microgrid standalone PV system is discussed as following with specifications.

¢+ The capital cost of the system (initial cost) is high.
¢+ Maintenance costs are very low.
¢+ There are no fuel costs.

% Replacement costs are low.
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Replacement cost = A, [%) (3.17)
+

where: A, is the initial cost of the battery, inverter, charge controller, and converter.

nis a lifetime in years
I is a inflation rate of 4%
d is a discount rate of 8%
Table 3.5. Cost of microgrid component [41], [42]

No. Component Capital Replacement O&M Lifetime
cost ($) cost ($) cost($/year) (vears)
1 PV panel 1625008 763925 31308 20
2 Converter 39075 26795 1005 10
3 Battery 217608 251508 4208 10
4 Inverter 213928 100575 100% 20
5  Charge controller 14738 1011.32% - 10

where the PV panel initial cost is 2$/W x 325 x 250W = 162,500%
Inverter cost is 213923, and charge controller is 295$% x 5 = 147583, and for battery is 80$
X 272 =21760%

Using Equation (3.17) the following replacement costs are calculated as:

Replacement cost of PV panel = =162500$ —1+O'O4TO— 763925
eplacement cost 0 panel = 008, -
1+0.04 )"
Replacement cost of converter =3907 (1+O OB) = 2679%
1+0.04\"
Replacement cost of inverter :21392(—1_|_O 0 8) =10057$
1+0.04 }°
Replacement cost of charge controller =1475 1+0.08 =1011.32%

The annual operation and maintenance costs of photovoltaic panels can be calculated based

on the initial capital cost, considering the discount rate and the inflation rate as follows:
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l_(1+i) "
_ 1+i 1+d
0 & M = 2%PV x x| —=3 (3.18)
1-( )
1+d

(1+o.o4) 2
1+0.04 |~ *1+0.08

1+0.04
1+0.08 1-( )

1+0.08

Oand M =0.02 x162500% x = 3130%

The battery’s operation and maintenance are calculated as O and M cost of PV panel. Battery
life is estimated at 10 years, so it should be replaced twice during the life of the system [40].
The cost of battery replacement is calculated for the first time after 10 years, and the cost for

the second replacement after 20 years is calculated as follows.

B, = B, [ ;:;J (3.19)
10
B, = 21760$x G : g'gg) =14920$
Bmz::21760$x(1**l°4jZ):10230$
P 1+0.08

Battery replacement cost=g_ + B, = 14920$ + 10230$ = 25150%

rep2

where: B_, and B__, are replacement times after 10 and 20 years respectively [40].

repl rep2

Using from above Table 3.5, the total replacement cost, O and M cost were calculated as
following: The total replacement cost is the total replacement cost of converter, charge
controller, inverter, battery, PV panel and calculated as follows:

Total replacement cost = 76392$ + 2679$ + 25150$ + 10057$ + 1011.32$ = 115289.32%
Th total O and M cost is the total cost of O and M of PV panel, Battery, Inverter, and
Converter. Total O and M cost = 3130$ + 420$ +100$ + 100$ = 3750$

For installation cost 10% of PV panel initial cost is taken which is = 0.1x 162500$ =
16250%

The net present cost of the microgrid system is calculated by adding all the costs of PV
components, batteries, total replacement costs, controller inverters, installation, operation

and maintenance costs.
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Net present cost = PV, +C, + B, +Inv, + Ch, +Inst, + Totalrep, + O&M (3.20)

Using Equation (3.20) the NPC is calculated as:
NPC = 162,500% + 3907$ + 21760$ + 21392% + 1475% + 16250$ + 115289.32%+ 3750%
= 346,323.32%

where: PV, is capital cost of photovoltaic panel, C_ is converter cost, B, is battery cost, Ch,

is charge controller cost, and Inst, is installation cost.

In addition, it is also important to calculate the total annual cost of the system $/year. The
total annualized cost $/year of the microgrid system in terms of the currently the dollars can
be evaluated using the following Equation (3.21). Total annualized cost [$/year] can be
calculated as the following [40], [43].

Total annualized cost [$/year];

Canntot = NPC{%} (3.21)
CRE - {iX(i +1)”}
(1+i)" -1

where: CREF is the capital recovery factor.

Using Equation (3.21), the total annualized cost calculated as:

20
CRE - o.o4><(o.0420+1)
(1+0.04)* -1

}: 0.073582

C = 346,323.32$x0.073582 = 25,484%

ann, tot

Levelized cost of energy: The HOMER PRO software defines the levelized cost of energy
as the average cost/kWh of useful electricity generated by the microgrid system [35]. The
cost of energy can be found from the total annual cost and the annual energy produced by
the photovoltaic system and shown in Equation (3.22).

C:ann tot

load
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25,4848
~ 365x200kwh / yr

COE = 0.349$/kWh

Here, the cost of the proposed for this standalone microgrid energy system is higher than the
cost set by the Ethiopian electric utility company. However, this may be an acceptable

alternative, because of its efficiency, reliability, and other areas where power is not available.
3.8. Modeling of Microgrid Energy Management Control Standalone PV System

3.8.1 Photovoltaic Model

Photovoltaic modules include many photovoltaic cells connected in series and in parallel to
provide high output voltage and increase photovoltaic current respectively. The direct
current of photovoltaic energy generated by the photovoltaic array depends on temperature
and solar irradiance [44], [45], and [46]. The PV model with a single diode circuit, series
resistance, and parallel are the most commonly used in PV modeling and to predict energy

production in photovoltaic cells.

The following PV model used a different method to calculate the parameter of the system
[47]. The parameters of the selected PV array (CSS-MSP-250W) are given in Table 3.4

which is important to model the PV array.

B

+
Rs

—
| I &>

Figure 3.2. Equivalent circuit of PV model using single diode along with series and parallel

resistances [43].

The mathematical model of a PV cell can be described in the following equations [46], [44].

From an equivalent circuit diagram Figure, 3.2 using Kirchhoff’s current law is applied.

=1 -1, - Yo (3.23)

p
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va + IpvRs

Iy =1, [exp (q (=22

) -1

By applying Equations (3.24), (3.25) into (3.23) the equivalent circuit is found.

R V., +1 R

= | | 1ex ( va+|pv s pv pv'ts
pv o[ p q( aXKXT )-1]_ R—)

p

From Equation (3.26), also light generated current I, and 1 are found as:

_ G
Ipv - G_(Ipvn +Ki (T_Tref)

n

| = I, + K,AT

= S

’ V., + K, AT
t

PV module model consists of modules connected in series (N;)and parallel (N).

Therefore, Equation (3.26) is replaced by the following Equation (3.29):
1= (N1, - NG1) [exp [(VHIR < (N,) /(N ) 7 (aV,N, )] -11))

where: R, is the series resistance (£2)
R, is the shunt resistance (€2)

a is the diode ideality factor
K is the Boltzmann constant (1.38 x10%) JK*
q is the electronic charge (1.602 x107°)

N, is the number of cells connected in series
N, is the number of cells connected in parallel
I, is the short-circuit current at the nominal condition

T is module operating temperature in Kelvin

I, is the light generated current of the photovoltaic cell
I, is the diode saturation current

V, is the voltage across the diode

G is the actual irradiance in W/m?

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)
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The parameter of the PV model mathematical equation is calculating as the following [48],

[49].

G, is the irradiance at the nominal condition

0

V,

tn

is the voltage thermal at the nominal condition

V.. is the open circuit voltage at the nominal condition

AT is deviation from the nominal temperature in Kelvin.

Table 3.6. Electrical characteristics for photovoltaic array specification [66].

Description

Value

Peak Power (P, )

The voltage at P, (V,,)
Currentat P ()
Open-circuit voltage (V)
Short-circuit current (1)

Power tolerance

Series fuse rating (A)

Parallel resistance of PV model (ohms)
Series resistance of PV model (ohms)

Cell efficiency

Current temperature coefficient a (I, )
Voltage temperature coefficient p (\V,.)

Power temperature coefficient y (P,

max )

250W
30.8V
7.79A
37.4V
8.49A

+3%
15
43.15
0.847
17.24%
0.03%/ °C

-0.32%/ °C
-0.42%/ °C

R = Voc _Vmp
s Imp
I.R. -V
Rp - SC S oC
Imp _Isc
. %(R, +R,)




S

_ 37.4-30.8

7.79

(8.49%.847) -37.4

p

7.79 -8.49

=0.847 Q

=43.15Q

A PV array is modeled based on the mathematical Equation of the solar system using

MATLAB/Simulink blocks. The necessary parameters used in PV array modeling such as

v,

wer hse ' NooNy K, T, @nd G are taken from the specification of the PV array.
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Figure 3.3. Subsystem simulink of light generated current
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Figure 3.4. Subsystem simulink of saturation current
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Figure 3.6. The Simulink diagram of photovoltaic module

Under various temperatures and irradiances, the relationship between the current and power
of photovoltaic modules can be found. The fixed temperature is 25°C with the change of
irradiance, the characteristic curves I-V and P-V are drawn with G = 400W/m?, 600W/m?,
800W/m? and 1000W/m?, respectively. The curve is not linear and depends on temperature
and solar radiation. As the irradiance increases, the current increases more than the voltage,

and the maximum power point also increases, as shown in Figure 3.7.

Array type: CSS-MSP-250W;
13 series modules; 25 parallel strings

300 T 1000WIm?2
<
= 200F 1
c
L
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D 1 1 1 1 1 1 by
0 50 100 150 200 250 300 350 400 450 500
Voltage (V)
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=
2 s ]
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o
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Voltage (V)

Figure 3.7. V-l and P-V characteristic with variable solar radiation
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Figure 3.7 above describes the maximum output power of the photovoltaic array that
increases with increasing irradiance at a fixed temperature. The response of the photovoltaic
array to different values of solar radiation and a fixed temperature has a significant impact
on the short-circuit current. However, the impact on the open circuit voltage is minimal.

Therefore, when solar radiation increases, the photovoltaic array produces more energy.
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Figure 3.8. 1-V and P-V characteristic with constant solar radiation

Figure 3.8 above shows that temperature has a significant effect on open circuit voltage and
has no effect on power and current. However, when the temperature drops, the photovoltaic
array produces more energy.

3.8.2. Modeling of Boost Converter

There are three main types of DC to DC converters: Boost converter, buck converter, and
buck-boost converter [50], and [44]. The mathematical equations for the parameter of boost,
buck, and buck-boost converter were determined using the following Equations:

V.,

v =Y orD=q_Va 3.33
w =175 - (3.33)
Vi = DV, (3.34)
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where. \, = AVou ,and R =

Vo = vs (L] (3.35)

1-D
1-D)xD xR
L = )2f (3.36)
Con =_DP>*Vou (3.37)
Rx f, %V,
Vout?

out in

In this thesis, the reference DC link voltage is 400V, the DC link voltage ripple is taken as
1% of DC link voltage, so 1% of 400V is 4V and the switching frequency is 10 kHz and 5%

deviation from the nominal output voltage to get the duty cycle [49]. The boost converter

circuit is shown in Figure 3.9. Main parameters such as inductance, capacitance, diode and

resistance are designed. Diodes are used to protect the photovoltaic array from negative

currents. The capacitor is placed here to limit high frequency harmonics.

v, =378V =g 04v
400

(1-0.05)x0.05 x1.89
L. = = 45uH
2x10000

400x 0.05
C., = =1.12mF
1.89 x 10000 x 0.94

Figure 3.9. Modeling of the boost converter
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3.8.3. DC to AC Converter (Inverters) Modeling

The DC-AC converter is used to convert the DC output voltage of the photovoltaic array into
AC voltage. It consists of a resistor and four power switch blocks. Pulse width modulation
(PWM) is used for inverter modeling to obtain a suitable switching trigger signal to control
the amplitude and frequency of the output voltage. Capacitors are used to filter noise on the
DC bus link.

In the work of this thesis, a single-phase inverter is used. This is DC to AC, which converts
the DC power from the PV into AC power at the desired output voltage and frequency. The
power supply designed in this research is to convert the output voltage from 400V DC to
220-250V AC at a frequency of 50 Hz. Figure 3.10 shows a typical IGBT-based DC to AC
inverter configuration. IGBT2 and IGBT4 allow current to flow in one way, while IGBT2

and IGBT3 allow current to flow in the opposite polarity.

]
]
P

@ ,I o al en
1GBT2 z%‘ i IGBT1 z@ —
N I
1
IGBT3 zﬁ — IGET4 z&' —

Figure 3.10. DC-AC converter (inverter) modeling

3.8.4. Battery Modeling
Due to the fluctuating characteristics of the photovoltaic array, the battery is the basic
element of the independent microgrid photovoltaic system [51]. A simple modeling

equivalent circuit of a rechargeable battery is shown in Figure 3.11.
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Figure 3.11. Simple equivalent circuit of rechargeable battery modeling [51].
Applying the KVVL law, the voltage in battery storage can be obtained as follows [52].
Via = Epw = Riatloat (3.38)
bat = Voat | bat (3.39)

It is necessary to use a control energy storage to provide its lifespan. So, the state of charge
is a basic parameter used in battery charging and discharging. SOC is the criterion for

determining the charging or discharging of the battery, and it is shown in Equation 3.39.

SOC = g x100% (3.40)

r

where: P, is battery power delivered to the load
R, IS the internal resistance of the battery bank
I, iS battery current to the load
Q. is remain capacity of the battery (Ah)
Q, is rated capacity of the battery (Ah)

The battery or energy storage is modeled as a non-linear voltage source, the output voltage
of which depends on the state of charge, and the current, voltage and internal resistance also
depend on the state of charge [13].

3.8.5. Bidirectional DC to DC Converter Modeling

A system includes a battery with a bidirectional DC-DC converter that is used to interconnect
battery power to the DC system [53], and [54]. The main function of the bidirectional DC-
DC converter is to control the power and voltage requirements of the DC link and to control

the amount and direction of the power supplied to/from the battery.
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Figure 3.12. Circuit diagram of the bidirectional DC to DC converter [54].

The bidirectional DC-DC converter should convert photovoltaic energy into stable and
reliable electrical energy required for battery charging. In the case of the "buck” mode, the
bidirectional DC-DC converter is used to reduce the output voltage of the system. [54]. The

bidirectional DC-DC converter has two modes of operation:

Mode i: When the DC link voltage is higher than the reference value, the bidirectional DC-
DC converter operates in buck mode. In this operating mode, the converter controls the

current to charge the battery.

Mode ii: When the DC link voltage is lower than the reference value, the bidirectional DC-
DC converter operates in boost mode. In this mode, the photovoltaic system sends its energy
to the battery and vice versa. The bidirectional DC to DC converter (buck-boost) consists of
two main switches (S1, S2) with a capacitor and an inductor. The switch is responsible for
managing the buck and boost modes. The duty cycle of the bidirectional buck-boost

converter can be obtained by the following formula (3.41).

D= L (3.41)
Vo + Vi,
= 4—00 = 051
400 + 369.8
The output current of the converteris I, = IID'—" (1- D,) (3.42)

1

= 8% (1.051)=826A
0.51

where D= D, =D,
Taking into account the worst-case safety of the converter, the current ripple rate is 200%.

The critical value of inductance (L) becomes:
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L= 0l xp (3.43)

369.8(1
10000

200 % 86

Using Equation (3.42), L, = jx 051 =1.14uH
L=15x L, =171uH

Cl = D, (344)

C, = 0.51 = 20mF
0.05%x10000x%0.35

Furthermore, the transfer function of the bidirectional converter is shown in the following
equation (3.45).

1
M (8) _ (D-1) LC . (3.45)
Y S Rlc ST (l;_?:)

Note that during charging and discharging, the output voltage ripple is set to 5%. The DC
voltage system is controlled by managing the duty cycle through the bi-directional converter

[55], [56]. It also keeps up as a steady voltage at the required side for both buck and boost

modes.
<1 > ' [5_Fl |
zEyF
ZE;F
LED- I

Figure 3.13. Modeling of battery with bi-directional DC to DC converter

This microgrid system uses IGBT/diode as the switching device in the circuit [57]. The main
function of the bi-directional converter is to keep the system voltage at a certain reference

value during charging or discharging.



The bidirectional converter contains two choppers (IGBT) connected to the circuit. They
work in a complementary way, when one IGBT is on, the other IGBT is off [58]. This
converter configuration can provide positive or negative current to the battery charging or

discharging battery, respectively; however, the voltage level is positive.

Figure 3.14. Overall modeling of microgrid energy management system

3.9. Controller for Microgrid Energy Management of the Standalone PV system.

3.9.1. Maximum Power Point Tracking Using Perturb and Observe Algorithm

Controller for PV Management System

The basic MPPT structure used by the photovoltaic system perturbation and observation
controller has two inputs, namely voltage and current, and the output is duty cycle. In this
paper, the microgrid power system is controlled by a fuzzy, and fuzzy-PID controller, which

is described as follows:

3.9.2. Fuzzy Logic Controller

Fuzzy logic control can detect sudden changes and heuristic variables, which is very good
for microgrid power control and management systems. FLC is fast, robust, and follows input
changes. It does not require prior knowledge of the system and uses simple mathematics.
[29]. Fuzzy logic controllers are suitable for photovoltaic systems that are characterized by

non-linearity, input variations.
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To define a fuzzy set, both the members of the set (values) and the degree of membership
are needed. Fuzzy logic operations are used to relate fuzzy sets. The fuzzy logic controller

is characterized by membership functions and fuzzy rules.

Fuzzy input and output variables are represented by membership functions (MF). Also in
fuzzy rules, the Mamdani fuzzy is the most used fuzzy membership rule set in this thesis

work.

3.9.3. Fuzzy Logic Based Battery Management System

The battery management system adjusts the power flow in the microgrid system to meet the
load demand. In this paper, a functional battery is used as an energy storage device. In
addition, in order to obtain the required SOC, the fuzzy logic controller is designed to charge
or dischage mode. The inputs of the fuzzy logic controller are AP and ASOC, and the output

variable is current.

Input
AP member 1
Rules Output I
Input
A SOC | member 2

Figure 3.15. Fuzzy logic controller block diagram

The input and output variables used in the fuzzy logic controller are determined. In the work
of this thesis, the fuzzy logic controller has a dual input variable and a single output system.
The parameters and rules are described in the control algorithm. The basis of the FLC rule
is based on the difference in power and the change of the state of charge, and the control
output is the current. The change in power and the change in state of charge are calculated
using the following formula:

AP =P -PL (3.46)

ASOC = SOC SOC (3.47)

present new

The control is applied by controlling the power and current input of the battery [49]. The

power, state of charge, and output are categorized into different regions which are negative,
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positive, and zero regions. Also, each region has sub-regions such as Negative Small (NS),
Negative Big, (NB), Positive Big (PB), Zero (Z), and Positive Small (PS). Each input
variable has members function of fuzzy set and it obtains 25 possible rules. These rules are
described in Table 3.7.

Table 3.7. Rule base for fuzzy logic controller for battery management system.

AP
Current

NB NS Z PS PB

NB PB PB PB PB PB

NS PB PB PS PS PB

ASOC | Z Z Z Z PS PB
PS NS NS NS NS PB

PB NB NB NB NB PB

Table 3.7 shows the fuzzy logic control rules of the microgrid battery management system.
For example, when the power input variable is NB and the change in state of charge is NB,

the output current is PB.

If the power is negative, the power generation system does not provide enough power to
meet the load demand and the fuzzy logic controller is forced to discharge the battery to meet
the load demand. If the state of charge is greater than the current state of charge, the change
in the state of charge is negative and the battery should operate in discharge mode. The input
variables, change of state of charge, change of power and control of current output of FLC
are shown in Figure 3.16 to 3.18.

Membership function for SOC
NB NS = PSS PD

8] 0.5 1
Range

Figure 3.16. FLC input membership function SOC for battery management system
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Membership function for Power
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Figure 3.17. FLC input membership function power for battery management system

Membership function for Current

1 NB NS £ PSs PB
0.8 - .
0.6 .
0.4 r .
0.2 1

0 .

-50 0] 50
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Figure 3.18. FLC output membership function current for battery management system

3.9.4. Fuzzy-PID Controller

The combination of these two controller structures is one of the best ways to control the
output voltage of the system. In this thesis work, the fuzzy- PID controller is used to control
the overall microgrid system and the charge and discharge operation of the battery. Using a
fuzzy-PID controller utilizes both the operation of the fuzzy controller and the simplicity of
the PID controllers at the same time [29], and [59]. Figure 3.19 shows the fuzzy-PID

controller.

54



Fuzzy Inference

e(t)
de [ X
dt e
K,| K|k,
Reference PID Controller | . Plant | output

+

Figure 3.19. Block diagram of Fuzzy-PID controller [76].

3.9.5. Fuzzy-PID Controller for DC-link Voltage Controller

The input and output variables used in the fuzzy-PID controller are determined. In this thesis
work, the fuzzy-PID controller has double input variables and a single output system. The
fuzzy-PID controller takes the error and change in error as input and then the fuzzy logic

rule forces to modify the parameters of K , K, and K, are tuned online automatically. The
parameters and rule base are described in the control algorithm. The rule base of the fuzzy-

PID controller is based on the error (¢) and change in error signal (Ae (n), and gain.

The error is the difference between the DC link output voltage and a reference voltage, and
also the change in error is the difference between the current error and the old error. The

error e(n) and change in error Ae(n) is calculated from the following Equations:
e(n) =V, -V, (3.48)
Ae(n)=e(n)-e(n-1) (3.49)

The e (n), Ae (n), and output are categorized into different regions which are negative,
positive, and zero regions. Each input variable has members function of fuzzy set, and it

obtains 25 possible rules. These rules are described in Table 3.8.
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Table 3.8. Rule base for fuzzy logic controller for DC link voltage

Output Change in error
NB NS Z PS PB
PB V4 P P P P
PS N Z P P P
Z N N Z P P
Error | NS N N N Z P
NB N N N N Z

Where the parameters used in the rule are NB, NS, PS, PB, and Z are negative big, negative
small, positive small, positive big, and zero respectively. Also, N, Z, and P are chosen for
output which represents negative, zero, and positive respectively. In fuzzy-PID controller

system, the applied rules are:

i. When the output voltage is much higher than the reference voltage, the controller must be

very high, so that the DC link voltage approaches the value of the reference voltage.

ii. A small change of controller value is needed as the DC link of voltage is approaching the

reference voltage.

iii. The controller must remain constant, when the output voltage of the system is near the

reference voltage.

iv. The controller needs to be changed slightly to prevent the DC link voltage from deviating

from the system reference voltage.

The input variables, error, change in error, and output controller of the fuzzy-PID controller

are shown in Figures 3.20 - 3.24.
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Fuzzy interface designer for DC link voltage controller

Membership function for error
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Figure 3.20. Input membership function error
Membership function for change in error
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-10

-0.5 0]
Range

Figure 3.21. Input membership function change in error

Membership function for Kp

N Z P

-5 0 5 10
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Figure 3.22. Output variable for fuzzy-PID controller
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Membership function for Ki

N £ P
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Figure 3.23. Output variable for fuzzy-PID controller

Membership function for Kd

N Z P

-4 -2 O 2
Range

Figure 3.24. Output variable for fuzzy-PID controller
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

This chapter presents the modeling and analysis of the microgrid energy management system
and the control of standalone photovoltaic systems. The microgrid system is a compromise
between photovoltaic solar energy and the boost converter, MPPT, battery, bidirectional

converter and the inverter.

In addition, this chapter also summarizes the characteristics of the microgrid energy
management system and its achievements in the ICT center of the Ambo University. The
optimization is completed with the HOMER PRO software and the main tasks are:
simulation, optimization and sensitivity analysis. During the optimization process, the
performance of the microgrid component system was analyzed. Additionally, feasibility and

energy costs were discussed.

4.1. MATLAB/Simulink Simulation Results

In this thesis work, the system is simulated under different atmospheric conditions with
different solar radiation and temperature. During system simulation, there are some power
fluctuations. Therefore, the proposed algorithm based on perturb and observer provides
faster response by tracking the maximum power point under changing temperature and
irradiance. The total output power of the photovoltaic array system is 70kW, which is
realized by the MPPT algorithm based on O and P, providing the most efficient microgrid
system. Therefore, the MPPT and fuzzy-PID controller used in the microgrid energy
management system are used to control the voltage, current and photovoltaic power.

The power of photovoltaic array is directly related to the solar irradiance. However, the solar
irradiance at night and early morning is very low. Therefore, the power of the photovoltaic
array is reduced to zero. The time axis shows, how the value of a system variable has

changed over some period of time, for each of simulation.
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Figure 4.1. Output of photovoltaic voltage

As shown in the Figure 4.1, shows that with the increasing solar irradiance the output voltage
is also increases, however, the solar irradiance has little effect on output voltage. Using
maximum power point tracker, the maximum voltage is recorded from 14:00 to 16:00 hour.
Also, at 11:30 hour the spikes are happened, due to switching on and off the MPPT controller
and during charging and discharging battery.
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Figure 4.2. Output of photovoltaic current

Figure 4.2, shows that the higher the irradiance, the greater the output current. Solar
irradiance with output current is directly relationship, which means when solar irradiance
increases the output current increases. The maximum current is recorded from 14:00 to 16:00
hour, and when solar irradiance decreases the output current is also decrease that is when
there is high clouds cover, high dust, and high air pollution, especially during night and early

morning.
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Figure 4.3. The output of photovoltaic power

Figure 4.3, shows that based on simulation results above, the PV maximum power generation
is change with the irradiance. The power generation decreases with decreasing irradiance
and increases with increasing irradiance. The maximum power is recorded at 15:00 hour. PV
maximum power generation can be achieved at different irradiance with the utilization of
P&O MPPT controller.
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Figure 4.4. Boosted output voltage

As shown in Figure 4.4, in the detailed model of the photovoltaic array, the boost converter
increases the DC voltage from 369.8 V to 400 V. By using Perturb and Observe method,
under maximum point tracker the duty cycle of DC/DC boost converter is applied. The
output voltage of the photovoltaic array is 369.8 V, but the voltage increases to 400V after

using a boost converter.
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Figure 4.5 shows the microgrid energy balance of photovoltaic arrays, batteries, and load
demand under high solar irradiance. The PV power is coming to zero from 21:00 to 05:00
hours. During this period of high solar irradiance, the maximum photovoltaic power is
generated. After 08:00 to 18:00 hours, the photovoltaic array generates power at the
maximum power, which is sufficient to meet the load demand. Therefore, excess energy is

transferred to the battery. Also, spikes are happened, due to switching on and off the MPPT

controller.
% 10%
' ' ' ' ' ' PV Pawer (W)
Load Power (W)
5F Battery Power (W)

0 3 6 o 12 15 18 21 24
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Figure 4.5. Microgrid energy balance of PV array with battery and load demand under

high solar irradiance

Figure 4.6 shows the energy output of the photovoltaic array with low irradiance. The energy
generated by the photovoltaic array during low irradiance is less than the energy generated

by the photovoltaic array during high irradiance.

% 10% PV array Power(W)

| =PV Power(W) |

Power (W)

0 3 6 9 12 15 18 21 24
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Figure 4.6. The output of PV array power under low irradiance
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Figure 4.7 shows that the load demand changes from time to time. As shown in the figure,
the maximum load of the system is 35kW, and the minimum load is 4.9kW at 20:30 hour

and 02:00 hour respectively.

w104 Load Power (W)

Load Power (W)

0 3 6 9 12 15 18 21 24
Time (Hours)

Figure 4.7. The output of load power

As shown in Figure 4.8, the battery is charging, when the load demand is less than the power
generation capacity, and the battery is discharging when the load demand is greater than the
power generation capacity. As it can be shown from 10:00 to 19:00 hour the PV array power
Is greater than load demand, and from 00:00 to 10:00 hour and again from 19:00 to 24:00
hour the load demand is greater than PV array power, and the battery is charging and
discharging respectively. In addition, as the battery is charged and discharged, the energy

becomes positive and negative respectively.
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Figure 4.8. The Output of battery power
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Figure 4.9 shows that from 21:00 to 5:00 hour the power of PV array is coming to 0 W. From
00:00 to 05:00, the battery supplies power to the load. After 05:00 hours the PV array starts
producing energy; however, it was not sufficient to meet the load demand; so, batteries
continued to supply power until 10:00 hour. Again from 10:00 to 19:00 hour the PV array
power was enough to meet the load demand and, the batteries were charged. Also, from
19:00 to 22:00 hours, the batteries start again to help photovoltaic power by discharging. At
22:00 hour the PV array power was coming to zero, and the batteries started to fulfill load
demand until 24:00 hour.
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Figure 4.9. Microgrid energy balance of PV with battery and load demand under low solar

irradiance.

Figure 4.10 shows that the charging and discharging modes. Therefore, the battery is in
charging mode, because the PV array system is generating enough power and the state of
charge is increasing. In addition, when the photovoltaic array does not generate enough

energy, the battery discharges and the state of charge decreases.
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Figure 4.10. Simulation results of charging and discharging mode

Figure 4.11 shows the use of a fuzzy-PID controller to maintain the DC link voltage at the
reference value. In addition, the DC link voltage follows the reference voltage with good
accuracy and stability. Therefore, regardless of whether the energy storage is charging or
discharging, the DC bus voltage must be stable and remain unchanged, during the entire
operation. In the fuzzy-PID controller, the system rise time is short, the oscillation is small,
and the voltage fluctuation is small.
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Figure 4.11. DC bus voltage with fuzzy-PID controller

Figure 4.12 shows the error between the reference voltage and the DC link voltage using the
fuzzy-PID controller. As shown in the figure 4.12, the error is close to zero, which means
that the DC link voltage tracks the reference voltage for up to 24 hours of simulation time.

In general, the fuzzy-PID control system is also very stable and performs well.
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Figure 4.12. Voltage error of DC-link voltage using a fuzzy-PID controller

The microgrid photovoltaic array system provides DC power, but there is an AC load. To
supply power to the AC load, an inverter is used in the system. As shown in Figure 4.13, an
IGBT (Insulated Gate Bipolar Transistor) based inverter is used to convert DC power to AC
power. It shows that the efficiency of the inverter is less harmonic distortion, which shows
that it has the ability to convert DC to AC with accurate waveforms. This waveform has a

two-level signal, which is a voltage that oscillates between a positive voltage and a negative

voltage.
Inverter Output Voltage (V
4[:'0 T T T pl g |( } T T
Inverter Voltage

g 0 1
©
= 200+

_400 ] I I I I ] ]

0 3 6 9 12 15 18 21 24

Time (Hours)

Figure 4.13. Single-phase inverter output voltage.

4.2. HOMER PRO Simulation Results

The output of the simulation contains different combinations for each component and offers
a list of feasible schemes depends on the values of the net present cost and cost of energy.
The optimization result for this thesis has two main groups which are called categorized
results & overall optimization results. The overall optimization results for Ambo University

ICT center building were shown in Appendix C.
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The sequential optimization cost is simulated from lowest cost to highest cost. From
calculation the net present cost is 346,323.32$ and cost of energy is $0.349/kWh. However,
using HOMER PRO software, the sequential optimization cost is simulated from lowest cost
to highest cost, the present net cost and the cost of energy were $291,359 and $0.309/kWh,
respectively. It is necessary for the microgrid standalone PV system of the ICT center, due
to its greater reliability and efficiency and shown in Appendix C.

The cost of the proposed for this standalone microgrid energy system is higher than the cost
set by the Ethiopian electric utility company. However, this may be an acceptable alternative,
because of its efficiency, reliability, and other areas where power is not available. In addition,

the price is free from interruption and fuel cost.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions
This paper analyzes the microgrid energy management control system and the photovoltaic
system composed of photovoltaic arrays, batteries and power electronic equipment to meet

the needs of the community.

Various significant aspects of the microgrid system, such as sizing, modeling, optimization,
analysis of system components, photovoltaic system management, and battery management,
were discussed. Also, the bi-directional converter is used to manage the power flow between
the DC bus and the battery through the DC link voltage. It has been proposed the
MATLAB/Simulink to perform the microgrid system modeling and analysis for standalone
solar photovoltaic systems. The photovoltaic array, O and P with MPPT, bidirectional

converter, and inverter has been described.

The photovoltaic array generates maximum power, which is achieved by using perturbation
and observation methods to extract maximum power point tracking during high irradiance.
However, during periods of low irradiance, the energy produced by the photovoltaic array is

lower, so during this period the battery storage is considered.

Microgrid energy management provides: When the power demand is greater than the PV
power generation, the battery discharges and provides additional power, and when the
photovoltaic power generation is greater than the power demand, the battery charges. The
battery is managed by the fuzzy logic controller, and the charging and discharging operation
of the battery is analyzed. Also, battery charging and discharging are limited between 30%
and 85% to extend battery life. The DC-link voltage is regulated at 400V by fuzzy-PID
controller. Fuzzy-PID controller is applied to control, stabilize, manage the microgrid

system, and minimize system error.

In addition, cost analysis was discussed using HOMER PRO software. The net present cost
and the cost of energy were $291,359 and $0.309/kWh respectively which is, reliable and
efficient. Generally, the standalone microgrid energy system is proposed by applying energy
balance between energy generation and load demand, which can meet the problem of

insufficient power access to the ICT center of Ambo University.
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5.2. Recommendation
Energy is very important to accomplish different activities in human beings. Therefore, to
improve energy crises, especially in Ambo University ICT center, the microgrid energy

management standalone system contributed using a different controller.

This research was conducted for the Ambo University ICT center. For the actual
implementation of the project, the selected area called Ambo University must take into
account this research and update the system based on this work. The study area was randomly
selected from the city of Ambo in the Oromia region, and it is not the entire Oromia region.
In the future, researchers should study and investigate standalone microgrid energy

photovoltaic systems in other areas with similar problems.

Finally, respective governments should participate in providing financial support for
procurement, installation of the PV system, encourage the use of microgrid energy
management PV solar energy, and propagate this energy solution for a clinic, commercial,
and buildings.
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APPENDIX

APPENDIX A: Overall block diagram of microgrid energy management system
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APPENDIX B: Fuzzy rules
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APPENDIX C: HOMER PRO simulation results
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APPENDIX D: Battery storage specification

DC12-200

(12V200Ah)

DC (Deep Cycle) series is specially designed for frequent
cyclic discharge. By using strong grids and specially designed
active material, the DC series battery offers 30% more cyclic
life than the standby series. It is suitable for solar energy

systems, marine and RV etc.

Specification

Cells Per Unit

Voltage Per Unit

Capacity

Weight

Max. Discharge Current

Internal Resistance

Operating Temperature Range

MNormal Operating Temperature Range

Float charging Voltage

Recommended Maximum Charging
Current

Equalization and Cycle Service

Self Discharge

Terminal

Container Material

3]

12

200ANE 10hr-rate to 1.80V per cell @25°C
Approx. 60.0 Kg (Tolerance * 1.5%)
2000 A (5 sec)

Approx. 4 m

Discharge: -20°C~60°C

Charge: 0°C~50C

Storage: -20°C~60°C

25°C+5°C

13.6 to 13.8 VDC/unit Average at 25°C
60 A

14.6 to 14,8 VDC/unit Average at 25°C

RITAR Valve Regulated Lead Acid (WVRLA) batteries can be stored
for more than & months at 25°C. Self-discharge ratio less than 3%

par month at 25°C. Please charge batteries before using.

Terminal F10
AB.S. UL94-HB, ULS4-vD Optional.

APPENDIX E: Solar module specification

250W Monocrystalline Solar Panels

ELECTRICAL SPECIFICATIONS

*8TC : Irradiance 1000W/im®, AM1

Model Type CS8-MSP-250M-60
Peak power (Pmax) 250W
Cell Efficiency 17.24%
Maximum power valtage (Wmp) 30.8v
Maximum power current (Imp) 7798
Open circuit voltage (Voc) 374V
Short circuit current (lsc) 8,494
Power Tolerance 3%
Maximum system voltage 1000Y
Series fuse rating (&) 15
Number of bypass diode T3

5 spectrum, module temperature 25°C
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