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ABSTRACT
Today and in the future, the increase of fuel price, deregulation, and environmental constraints

give more opportunities for the usage of renewable energy sources (RES) in power systems. A
microgrid concept is needed in order to integrate renewable sources in the electrical grid. It
comprises a low voltage (LV) system with distributed energy resources (DERs) together with
storage devices and flexible loads. The integration of RES into a microgrid can cause
challenges and impacts on microgrid operation. The objective of this work is to design a
scheme to control the energy flow of a hybrid renewable energy system with multiple
renewable energy sources with an emphasis on solar and wind power and on multiple energy
storage systems. The use of energy storage is necessary due to the intermittence of renewable
energy sources and the resulting peak power mismatch between the sources and the load. In
addition, the use of energy storage can increase the reliability and overall stability of the
system. In this work, batteries are used as the primary energy storage system for short and
medium-term storage, while the hydrogen fuel cell is used as long-term energy storage. Since
power and demand are not completely predictable and have a time-varying nonlinear behavior,
computational intelligence is introduced to solve this problem and provide an adequate control
algorithm. The proposed methodology can be optimized so that the system is able to adapt to
its working environment and provide the best results in certain circumstances. The controller
has three main states such as discharge mode which allows the battery and hydrogen fuel cell
to bear the load, balance mode when the supply power is equal to the demand, and the
controller at rest, and finally, the charge mode which allows the battery and the electrolysis of
water to receive excess energy and store it for later use. The system model is designed and
simulated in the Matlab Simulink environment to check the proposed schema efficiency.
Finally, the fuzzy logic controller is adopted to solve the optimal scheduling problem of the
isolated microgrid. The simulation results indicate that the micro source scheduling strategy
proposed in this paper can improve the operation economy and environmental conservation of

the system. It can improve the reliability of microgrid power supply and reduce energy waste.

Keywords: Demand response, Demand-side management, Fuzzy logic, residential electrical

energy control, supply-side management, time of use.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study

The goal of any power system is to deliver electricity to its customers in an economical and
reliable manner. Unless this power is planned and maintained reliable, it causes adverse
economic effect due to interruption costs and power outages on both the utility and its
customers. The Ethiopian Electric Power Utility(EEPU) founded in 1956, is the state-owned
utility in charge of electric power generation, transmission, distribution, sales service in the
country and maintenance of the national grid. The company has been undergoing various
continued transformations, such as via Customers’ Management System (CMS),
decentralization of Accounting and Billing system from once highly centralized down to the
regional distribution offices, districts, and customer service centers (CSCs), and Prepayment
(Metering) System, in an effort to realize its long term strategic vision of “becoming a center
of excellence in providing quality electric service to everyone’s doorstep and being
competitive in energy export[1].” In my research studies, | focused on the energy
management scheduling techniques that can be used to minimize the energy
consumption Generation and load side power managements are mainly done for energy
efficiency, sustainability, power loss minimization, voltage stability, power quality and
operational problems. Control issues of voltage, frequency, power generation and active power
conditioners are also considered as a part of power management. Decision makers are used
with the controllers to manage the system operation in terms of power and energy
management. The decision makers act as expert operators to decide what to do in case of
events that require actions based on technical and operational knowledge. Therefore, fuzzy
decision makers (FDMs) are used to store the expert’s knowledge and decision-making
abilities as fuzzy rules, which are processed by fuzzy reasoning algorithms [2]. Electrical
electricity structures can be categorized into 5 sections: planning, generation, transmission,
distribution and operation. Energy management is considered as one of the components in

operation except protection, maintenance and marketing. Energy administration deals with



preserving the generation and dissipation in balance by considering machine stability,
sustainability, affectivity and fee optimization [3].

1.2Distributed generation and control

Electrical strength generation from wind and PV power systems maintains growing with the
new installations in many countries. The renewable energy units are installed as large energy
producing stations, which are typically called wind farms and/or PV farm. The PV systems are
additionally mounted on the roofs in residential sites. A schematic one-line design of a
disbursed technology with disbursed control is given in Figure 1. The generated energy from
the disbursed generation units is accrued in a strength bus to be distributed to the loads[4]. The
residential loads with PV gadgets on their roofs may also be powered without delay from these
units. However, it is typically favored to sell the generated strength to the utility and purchase
the required amount back from the utility in order to use the generated strength more correctly

[5].

EaG (I g T : Commercial
Industrial
R, R, Tl loads
[ T 3 . :
[ M&cC | [ M&c | @ M&C
JEt Power bus | o1l
..... i T A S, TR Data bus S 3 [] Uility
I Wind farm integration I [ PV farm integration | |Small hydro integrationl

[M&C||M&c| |M&:C| [M&é||M&C| [M&:Cl IM&:C||M$LC] [M&I’C]

W, W, W, PV, PV, PV,

Figure 1.1 A distributed generation with distributed control

As shown in Figure 1.1, the power-generating gadgets and the masses are all linked to the
identical distribution community such that any unexpected changes in hundreds or in



producing gadgets affect the power network. Therefore, load dissipation and energy
generation are monitored for gadget administration and manage purposes. Data is measured
from each and every load and technology aspect and transmitted to a core the place the
administration and manipulate selections are made [3]. This manage strategy is known as
centralized controlling disbursed technology systems. The centralized management has been
used widely in dispensed era[6]. However, the centralized manipulate requires tightly closed
and fast data transmission from in all places in the network. The velocity of transmitted facts
is very essential in real-time manage as the information protection is very essential for each
manipulate and management. Development of smart gadget applied sciences has opened a new
gate to a control strategy that is applicable in far off sites of distributed networks. This
technique is referred to as disbursed control and can be used to manipulate load and generation
sites proper where they are. Since facts is used by way of the controller at the dimension site,
it will be quick enough for real-time manage as well as for quickly decision-making and
management. Since data verbal exchange is minimized, the touchy records will be greater
invulnerable with the dispensed control. In distributed manage scheme, the size and control
(M&C) are performed domestically at every loading and producing unit. Every statistics is
now not transferred to the central storage and control unit. The control and administration are
processed separately for every load and era relying on neighborhood demand. Smart plugs,
switches and decision makers are placed on the hundreds in terms of appliances and devices.
Distributed manage has a greater flexible shape compared to that of centralized control [7].
The dispensed manipulate and management approach allows the energy utility employer to
attain the clients through providing choice strength costs to run their hundreds at shifted times

to forestall the over loadings and strength outages due to the fact of inadequate generation.

1.2 Centralized control of distributed renewable energy systems

The manipulate of disbursed generating is achieved normally by way of two approaches,
centralized manage and disbursed control. In the centralized manage approach, all the
measurements are transferred to a central laptop unit and the manage or management
selections are made centrally by processing the algorithms in this computer. The centralized
control of dispensed renewable electricity systems is discussed the use of a disbursed
renewable strength integration scheme proven in Figure 1.2, which includes hybrid wind, PV,

small hydro, and FC renewable energy schemes [8]
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Figure 1.2 Distributed renewable energy system

The integration consists of a FACTS scheme topology, controller structure and interface

converters for
(@) Maximum energy utilization
(b) low-cost implementation

(c) Conversion interface scheme robustness, effective control to minimize the impact of the
renewable energy source on the host electrical grid or satisfactory performance for stand-alone
operation

(d) Effective coordination and protection schemes for distributed energy systems

The manipulate schemes may additionally include classical PID, fuzzy, neural fuzzy, and
another wise approach with adaptive. Derivative-free heuristic optimization strategies such as
genetic algorithms, particle swarm optimization, ant colony, etc., may additionally be included
for optimal parameter tuning of the controllers and decision-makers for maintaining power
quality, system stability, and operational improvements. The stand-alone wind scheme is
geared up with a novel modulated voltage/frequency (V/F) stabilization network, whilst the
PV unit is utterly controlled for combining most on hand PV photo voltaic electricity
utilization. Matching standards are utilized to make sure a entirely integrated hybrid wind, PV,
FC, and small hydro renewable, low-cost, and low-maintenance useful device design[9]. The
sample dispensed renewable power machine is controlled with the aid of the centralized
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control approach. Therefore, all data from generating units and hundreds are accumulated and
saved in a pc to be used for manage and management purposes. The dotted lines in Figure 1.2
represent the data glide from size sites to the central control unit and vice versa. In this system,
it has been assumed that all four generating units, PV, wind, FC, and small hydro, are
positioned at the equal web page so that their output powers can be amassed on a common DC
bus, which acts as a DC electricity pool. The FC in this machine is used as an energy storage
unit beside the backup batteries. The electricity management of the gadget given in Figure
12.4 is done by using defining the primary obligations of the generating gadgets and the
loading conditions. The availability of renewable sources is also every other key parameter.
The power administration machine can be divided into three parts.

» Source management
» Load management

» Source and load management

Source management offers with the scheduling and the use of the electricity from
renewable sources barring any scheduling on the load side. Whenever a load is turned
on or off, the era is managed and controlled to furnish the required power. Since the
generated energy from renewable sources relies upon on the availability of the
generation, a selection has to be made beneath the modern-day circumstances. A
approach to layout the generation-side management device can be developed as

follows by assuming that getting energy from the utility grid is the last choice.

(@) The FC should be saved charged if the generation from the other sources is
sufficient.

(b) The energy from the PV gadget needs to be used at its most capability as long as
there is ample sunlight.

(c) The wind energy should be used to feed the masses if the PV system fails to supply.
(d) The FC have to be used if the strength generation from PV and wind fails to supply.
(e) The small hydro be used if PV, wind, and FC falil.

(F) The utility grid be used if all the others are not sufficient.



After determining the precedence use of the sources, a fuzzy rule base machine can be
developed to system the source-side management system.

1.3 Demand and utility Side Management

There are basically two varieties of action for energy management: supply-side management,
which includes the development of new generating devices and the control of demand the use
of power conservation policies, and demand and utility aspect administration (DUSM), which
entails the discount of waste and the use of greater environment friendly tools [10]. Most
researchers outline DUSM as a program or set of things to do gear up by using the utility that
affect the amount and timing of client use. DUSM is a ability to intervene in the use and the
variety of modes of electricity consumption [11]. One of the desires of DUSM is to reduce the
height tiers of energy demand all through the day. The customer-side demand administration
(DM) can be achieved in numerous ways but all the DM techniques are primarily based on
two aspects, reducing consumption and moving consumption . Scheduling the loads is also a
famous technique of DM where some of the loads are selected whilst others are shifted.
Authors K.E. Parameter et al. have described DSM as planning, implementation, and
monitoring of the utility activities that influence the customer’s use of electrical energy in
approaches that changes the utility load shape [10], i.e., adjustments in the time pattern and
magnitude of a utility’s load. One kind of demand-side management is demand response,
which focuses on rate indicators to handle top demand. Peak demand can be dealt with by way
of either the usage of a price-based system, the place the electrical energy price fluctuates
according to the load or with the aid of using an incentive-based system, where incentives are
given to clients to limit load at height instances [11]. Demand response is a key thing of DSM.
The Federal Energy Regulatory Commission defines demand response (DR) as “Changes in
electric powered usage by means of end-use clients from their normal consumption patterns in
response to modifications in the charge of electricity over time, or to incentive payments
designed to induce decrease electrical energy use at instances of high wholesale market fees or
when machine reliability is jeopardized”. In different words, demand response (DR) is the
approach to manipulate a customer’s load all through height demand to the other time, when
the demand is less. This helps in reducing the peak demand of the grid, and also in the

discount of fees on the patron side. DR can be utilized to each residential and industrial loads



and includes three exceptional concepts: strength consumption reduction, shifting
consumption to intervals of low (or high)

1.4 Statement of the Problem
With the advancement of research to bridge the energy gap due to increased demand for
energy relative to its supply, an unreliable alternative solution is unacceptable. Single-
source renewable energy systems have proven to be considerably unreliable due to the
climate dependent nature of the resources: therefore, hybrid renewable energy systems
(HRES) have been and still are being developed to do so in the face of unreliable single-
source renewable energy systems. These hybrid systems are constantly deployed and
installed at consumer sites. Because some of the renewable energy sources can
complement each other, multi-source alternative energy systems have great potential to
provide customers with better and more reliable energy than a system based on a single
resource. However, the problems related to the optimal system configuration, the correct
electronic power supply interfaces and the energy management between the different
power sources are still not resolved [12]. For the sake of efficiency and reliability, HRES
should be monitored and controlled. This monitoring and control takes full advantage of
the complementarity of renewable energy sources to provide constant and reliable power.
Conventional techniques for monitoring and controlling energy flow in HRES have proven
ineffective, hence the need for more efficient methods such as the use of fuzzy logic
control for system optimization. The HRES application environment must also be taken
into consideration in order to adequately adapt the system to the load requirements.
Demand-side management at the consumer end side approves buyers to actively take part
in their energy administration process. It helps them to use the provided strength
successfully via shifting their utilization from top hour to off-peak durations with the help
of the proposed model which shows the next day’s strength demand at some stage in the
day relying on the forecasted strength demand at a unique time and forced customer-side
demand to shift their load to off-peak period by using limiting the strength delivering to
them and the consumer can agenda their electrical energy utilization for the next 24hour.
Both forecasting and scheduling motion are carried out through the proposed model. The
model developed in this thesis is referred to as a fuzzy logic-based utility and demand side

management system, we name it active because the model performs two activities at a time
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that are forecasting and scheduling. The success of this task (DUSM) is to help consumers
with a better strength provider at a lower cost, decreasing equipment failure and reducing

the length of blackouts.
1.5 Objectives of the Study

1.5.1 General Objective
The main objective of this project is to design fuzzy logic based utility and demand side
energy management system model for monitoring and controlling a hybrid renewable energy

system, and supplying reliable power to the end user.

1.5.2 Specific Objectives

» To look into the predominant causes of reliability issues of the electricity distribution
system

» To draw relevant conclusions and suggestions from the result of the investigation.

» To focus on minimizing power consumption.

» To optimize the membership feature with a genetic algorithm for the design of fuzzy
common sense controller

» To enhance a fuzzy logic model for equipment scheduling based totally on the
forecasted value.

» To plan utility and demand-side administration model on Matlab Simulink.

1.6 Significance of the Study

The result of this investigation will bring benefits in both directions for both the consumer and
the service provider in Ethiopia. The research contribution will modernize the country's
traditional energy management. The result of the investigation will help the utility company to
facilitate its service. Consumers also benefit from the research results in order to efficiently

manage and control their consumption of electrical energy.

1.7 Scope of the study

HRESs differ in the number and type of renewable energy sources they are composed of. This
project is limited to a HRES consisting of PV, wind, and battery system. The main focus of the
work is to design the monitoring and control system for a HRES, end user management and
not the entire HRES.



CHAPTER TWO

BACKGROUND AND RELATED WORK

2.1 Renewable Energy Resources

Renewable energy is energy that can be obtained from renewable natural resources and is
sustainable and abundant compared to human life expectancy. .Wind, hydropower, tides,
biomass, geothermal energy are also different examples of renewable resources. Renewable
energies have enormous potential worldwide due to many concerns and factors. They pollute
less than fossil fuels, they exist almost everywhere and could overall efficiency greater than as
energy collection and conversion technologies improve. Additionally, the growths in global
demand for advent smart grid concept are putting more pressure on the selection of these
sources than the traditional ones. In this section, the focus is placed on the resources of solar
and wind energy  because they were selected as part of the investigation of the hybrid
renewable energy system model. Solar and wind energy are chosen because of their
availability almost everywhere on earth as compared to other renewable resources such as
hydropower and geothermal energy, which are found in some places around the world and
not depending on geographic features in others. Better a portable system, easy to transport,
easy to install and compact like photovoltaic solar panels and wind turbines. many other
reasons that encourage using solar and wind to assuring sustainable future generations life,
reducing greenhouse emissions such as nitrogen oxides (NO, NO2 and N20), sulfur oxides
(SO2 and S03), and carbon oxides (CO and CO2) and increasing energy sources
diversification[12]. The CO2 emissions for solar PV are estimated to be 49.91 g on average
with a low estimate of 1 g and a high estimate of 218 g per kWh while wind CO2 emissions
are 34.11 g on average with a low estimate of 0.4 g and a high estimate of 364.8 g per kWh
[13].

2.1.1 Solar Energy

The sun is the main source of most of the energy on earth. It rises in the sky every day and
carries amounts of energy to heat and illuminate the earth's surface. It is the only star in our
solar system and the closest that can deliver a tremendous amount. Energy for our house, the
earth. It accounts for almost 99.85% of the total mass of the solar system. The average

distance between the sun and the earth is 150, million km and sunlight takes eight minutes and
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20 seconds to reach the earth [13]. Theoretically, the force of the sun on the earth's surface is
89,300 TW [14].The sun is powered by the nuclear fusion of hydrogen atoms and its surface
temperature reaches 5,800 Kelvin while its core reaches a high level of 15.7 million K [15].
When the sun rises, the energy of sunlight is reflected or absorbed. About 51% of this is taken
up by land and sea, and 16% by the atmosphere, which warms the earth and makes it suitable
for all living species. 20% is reflected in the clouds, 6% in the atmosphere and others [13].
Plants are the oldest solar panels, collecting sunlight and converting it into chemical energy in
the form of sugar and producing oxygen through a process called photosynthesis [16]. For a
long time people viewed the sun as a great source of energy and began to think about how to
convert this energy into useful forms. One of the trivial methods began with concentrating
solar energy on a focal point for cooking food, and the first reported solar cooker was in India
by Adams in 1878[13]. Heating water, distilling water or tumbling water with solar energy
can be added to the list. By the end of the century to, with the increasing volatility in the price
of fossil fuels, the increase in global warming and the need for energy security, many
governments, industrial owners, scientists and engineers have considered the development of
new technologies and methods of extraction the solar energy source and to generate electricity
as a renewable, clean and sustainable energy source. Technologies took different directions,
with some scientists and engineers focusing on converting sunlight into heat and then
electricity, while others preferred direct conversion. In electricity based on a physical principle
called the photoelectric effect [17]. Other semiconductor materials can convert solar heat into
electricity, a process known as thermoelectric generation (TEG). However, it is still in its
infancy, since some scientists have been working to increase its efficiency and reduce its
production costs [18]. Both CT cells are solid state and direct current converters, which mean
the runs quietly with no moving parts and less maintenance. On the other hand, solar thermal

requires a much longer process and requires more parts to produce electricity.

2.1.2 Sun Energy form
Solar energy reaches the earth in the form of electromagnetic radiation with different
wavelengths [19]. Follow this distribution: 6.6% ultraviolet, 44.7% visible light and 48.7%

infrared, as shown in the picture:
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Figure 2.1 solar energy distribution (Tsao et al., 2006)

2.1.3 Sun Energy Harvesting techniques

There are many techniques currently in existence to collect solar energy and convert it into
usable energy or electrical energy. This technology plays an important role in the renewable
energy industry, solar type. Because of the 's competitive cost, low maintenance and easy
installation, compatibility, quiet and direct power conversion, it is nominated as the first
choice for inverters compared to Concentrated Solar Power (CSP) and other technologies. In
2016, China alone accounted for of the 85% of total photovoltaic installations worldwide[20].
The following figure breaks down the various solar technologies according to their operating

principle.
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Figure 2.2 Solar Harvesting techniques[21]

2.1.4 Photovoltaic

A photovoltaic molecular is a semiconductor fabric that converts mild at once to electricity
primarily based totally at the precept of photoelectric impact [20]. The first photoelectric
impact located by French physicist Edmund Becquerel in 1839 [15]. wherein he observed
it in Selenium [22]. Photovoltaic cells include or greater layers to create a permanent electric
powered field. When mild moves the molecular, electrons get excited and make their manner
to the engaging in a part of the molecular to the load [15]. Solar radiation and ambient
temperature are the molecular inputs of photovoltaic, while electric current and voltage are the
molecular outputs. Commercial molecular PV has very low conversion performance with a
median of 1217% and in which a molecular supermono has a performance of 21%, as shown
in the figure (Report, 2017). Since these cells still have lower yields and are climate-structured
and feature non-linear output electricity, extracting the most viable electricity is an important

goal for an efficient PV system.
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Figure 2.3 Average Commercial PV Efficiency [21]

The subsequent figure describes the function of a PV modern and voltage. Thus, the cell
modern is proportional to sun irradiance at the same time as its voltage is inversely

proportional to ambient temperature [21].

maximum

4.0 /_ power point
3.5 |
3.0 |-
=< 2.5 Parameter| Value
T ; Isc 3.67 A
::; 2.0 Voc 0.604 V
= e 3.50 A
o LB Vo 0.525 Vv
1.0
0.5 |-
L 1 L 1 A
°%5% 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Cell Voltage (V)
Figure 2.4 Current-Voltage characteristic for PV cell [21].
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The photovoltaic cell converts light with different wavelengths at the PN junction into
electricity, generates electricity directly from the cell when it is connected to a load.
According to [23] . the currently produced is given by

Liotar = Io(e7/kt — 1)-1 2.1

where k is Boltzmann's constant,l,, defines the current scale and q is the electrical charge of
particles that make up the current I.,.,;. Furthermore, I, is the generated luminous flux and T
the ambient temperature . Based on the solar radiation and the ambient temperature, two
decisive physical parameters in photovoltaics, the photovoltaic cell corresponds to and
produce open circuit voltage and closed circuit current [24]. The maximum available power
can be determined by monitoring the maximum power point on the photovoltaic curve under
different operating conditions, e.g. Irradiation changes (partial shading ), temperature changes
and load changes can be taken. This monitoring mechanism determines the best voltage
reading of the system and is performed with the MPPT maximum power point tracker. The
MPPT is the middle between the photovoltaic fields and the rest of the power system.It
consists of a DC converter and a controller that monitors the photovoltaic current and voltage
and, based on a specific algorithm, adjusts the duty cycle of the DC converter. Researchers
have developed different approaches and techniques to design this algorithm. Algorithms in
those documents [25], [26], [23]. The generic solar photovoltaic system consists of solar
collectors, an MPPT controller and a DC-DC power converter, as shown in the following
figure [26]:
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2.1.5 Concentrated Solar Power

Concentrated solar energy, also known as solar thermal (STE), is the process of concentrating
solar radiation and using its heat to heat a liquid that powers a steam turbine to power an
electrical generator . It's another way of collecting solar radiation[27]. The solar heat is
collected and concentrated to heat a liquid or gaseous fluid, usually oil or molten salt, then
that fluid is passed through a heat exchanger to transfer the recovered heat to boiling water to
drive a turbine steam. , the remaining fluid can be stored in a heat storage device for later use.
The steam turbine is connected to an electrical generator to produce electrical energy for the
system.The system is the speakeronus or an offgrid.In practice, the maximum CSP
temperature extends with a concentration factor of more than 1000 ° C with a concentration
factor of more than 10000 [28]. In 2016, the total CSP energy production increases to 4.8 GW,
where Spain is the market leader with 2.3 GW of production, followed by the United States
which produces 1.7 GW, as shown in the following figure [29].
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Figure 2.6 Concentrating Solar Thermal Power Global Capacity (Report, 2017)

There are different types of CSPs, as well as different configurations. The CSP has four main
types of linear fresnel reflector (IFR), parabolic channel, center receiver and parabolic dish.
The first two types are called single axis concentrators in which sunlight is focused on an
absorber tube. While the other two types are called dual axis concentrators in which rays of
the sun are focused on a central absorber at the focal point. Both types require a solar tracker
that detects the position of the sun in the sky and then adjusts the concentrator accordingly for
optimum power production [30]. The following figure shows the four types of CSP [31]:
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Figure 2.7 CSP Main Technologies (Narducci & Lorenzi, 2021)

Most current CSP projects use thermal storage units to store additional heat and supply it to
the system when demand exceeds supply. Additionally, the most commonly used types are

the parabolic channel and central receiver techniques [29].

2.1.6 Thermoelectric Generator

The Seebeck effect is a physical effect which illustrates the conversion of heat to electricity at
the junction of two different materials appears mainly in conductors or semiconductors due to
the movement of charge , Thomas Seebeck discovered this effect in 1821 [20]. TEG stands
for Thermoelectric Generator . For many years, researchers have mainly focused on

developing thermoelectric materials from semiconductor materials for several reasons:

1. They have low thermal conductivity which reduces heat flow from the hot side to the

cold side.

2. They have high electrical conductivity, especially at high temperature, which increases the
power factor of the material by since the power factor is P = aS where S is the Seebeck

coefficient .
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3.They have an excellent bandwidth electrical structure compared to metals. TEG works
under difficult conditions like high temperature on the hot side and low temperature on the
cold side, which can put stress and strain on the device. On the other hand, due to geometric
constraints, the cell generates small voltages, so that the best possible way of avoiding these
constraints is to connect the cells electrically in series and thermally in parallel. The following

figures describe how it works [20].

Figure 2.8 Charge Movement in Thermoelectric Cell (No Title, n.d.-b)
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There are three known materials that are used for TEG, bismuth telluride (Bi2Te3), lead

telluride (PbTe), and silicon germanium (SiGe). The most typical TEG has an efficiency of 5
6% [20].

ZT_electrical conductivitystempraturexS> 21
Thermal conductivity ’

The existing uses of TEG are diverse, such as the recovery of waste heat in cars, power
plants and gas pipelines, where Gentherm is the world's largest manufacturer of TEGs. In
addition, spacecraft use TEG radioisotopes to generate electricity, as in the spacecraft that
sent  to Saturn, CassiniHuygens, which has three TEG radioisotopes powered by 238Pu
(plutonium) and the thermoelectric material used is SiGe [28]. However, this technology still

has major disadvantages to its use, such as: 1. They are rare elements, therefore expensive to

manufacture and require a high purification process for high efficiency. The current

efficiency is still low compared to other technologies. Then the solution of these obstacles can

be overcome through the use of thermal collectors, hybrid design through the creation of new

and nano-structured materials. Since the cost of TEG is high, it is efficient to use solar
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thermal collectors to raise the hot side temperature and reduce the size of the TEG material.
In addition, effective heat dissipation materials are used to have a large temperature gradient.
There are two main types of solar thermal collectors: optical light concentrator and heat
absorber. In a laboratory experiment, a heat absorber with a solar absorption of 94.4% is used
to make a flat CTEG. Panel and the results were shocking in , they were able to increase the
efficiency by 78 times (4%) by using a ZnSb alloy and a Bibase alloy with an efficiency of
0.5% and state that the efficiency is higher can be than 15 times (8%). many factors lead to
such a result: nanostructured materials, selective surface, high thermal concentration,

operation in an evacuated environment [31].

2.1.7 Solar thermal generator versus concentrated solar power

Both are heat engines and follow the Carnot principle. As an energy system, they are supposed
to convert solar thermal into electricity[32]. STEG is noiseless, no moving parts, direct
conversion, dependent on material properties, very low maintenance, robust - solid body,
works for every temperature gradient, works in weightlessness, highly scalable size, can be
small. However, the is expensive, has low efficiency, and has little market potential. On the
other hand, CSP has working fluids, moving parts, multi-component system, requires regular
maintenance, is material and system dependent, generally for large system applications, uses
an existing industrial base and limited geographical locations due to federal regulations and
environmental conditions, it is effective, especially at high Concentration ratios and storage
elements[33].

2.1.8 Photovoltaics versus concentrated solar power

According to NREL, the most powerful photovoltaic cell tested in the laboratory has an
efficiency of 46% in the laboratories of Fraunhofer ISE [28]. However, the highest
commercial photovoltaic cell has an efficiency of about 21% [34]. PV has three main types of

monocrystalline, multicrystalline and thin films, in addition to smaller ones.
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Figure 2.10 Top Research PV Cell Efficiencies (T. J. Price, 2005.)

On the other hand, concentrated solar power technology works as a heat engine and convert
heat into work and follows Carnot's principle so their efficiency depends on concertation
factor and the receiver temperature.The best commercial efficiency is around 49% for molten
salt tower plus project according to Abengoa company where it is shown in next figure and
compared with combined cycle efficiencies .CSP in sunny regions produces electricity cheaper
than Solar PV[26]
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CSP efficiency evolution and comparison with combined cycles
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Figure 2.11 CSP Efficiency compared to combined cycles (El-tamaly & Ata, 2018)

2.1.9 Hybrid photovoltaic and thermoelectric generator

The synergy principle states that the amalgamation of different resources and components
leads to higher work efficiency and gives many researchers the potential to develop hybrid
sources of renewable energy for which each source would and would complement the other
run a highly efficient system. PV and TEG share many similarities that help designers build
systems that incorporate them for better quality and efficiency of power delivery. Both are
quiet, scalable, only dependent on materials and produce direct electricity. He did a great job

designing the and analyzing these systems[35].
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Figure 2.12 Hybrid PV-TEG Cell (Wu et al., 2018)

Through many types of research, the total production of photovoltaics plus TEG with solar
thermal collectors will increase, but without them the overall efficiency could be lower than
with stand-alone photovoltaics. Photovoltaics convert part of the spectrum into electricity and
most of it is converted into heat. So some research is using a wavelength splitter to pass up to

800nm to the PV while the rest is reflected. This graphic illustrates the idea of the separator

[4].

23



Photovoltaic Thermoelectric

Energy Density

200 800 3000
Wavelength (nm)

Figure 2.13 Solar Radiation Spectrum Separator (Narducci & Lorenzi, 2021)

Another study shows that certain types of PV blend well with TEG due to their thermal
properties. The TEG must have a maximum operating temperature below 200 degrees Celsius,

otherwise the PV efficiency drops quickly and with it the overall efficiency [31].
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Figure 2.14 PV+TEG Cell Efficiency (Narducci & Lorenzi, 2021)
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2.2 Wind Energy

In the last few years, wind power generation has great potential worldwide that even exceeds
photovoltaics and is one of the fastest growing renewable energies in the world [36]. By
2016, global wind power generation was 487 GW, up 55, GW from 2015. The five largest
countries in wind power generation are China, the United States, Germany, India and Brazil.
More than 90 countries have commercial wind power generation and 29, of them exceed one
gigawatt capacity in 2016 [37]. With current policy, the estimated electricity generation would
reach 977 GW by 2030.The first inspiration for using a windmill to generate electricity came
in July 1887 in Scotland from Professor James Blyth of Anderson's College, who designed a
10 meter high windmill and installed it in the garden of his vacation home vacation [38]. The
wind is the flow of air mass as a natural phenomenon due to the differential atmospheric
pressure. Different atmospheric pressure forces the air to move from an area of higher pressure
to a lower one. The differential is generated by the different air temperature and the terrain of
the earth's surface. The sun's heat is reflected from the earth's surface to the surrounding air
and because the sun's heat is not evenly distributed over the earth. the difference in air
temperature arises, which leads to the development of the wind [39]. Therefore, the winds
have different directions and speed patterns, as the following figure shows how the winds

circulate around the earth [39].

25



Figure 2.15 Global Circulation of Winds (Venkataraman et al., 2018)

The wind has long been used by humans to move their sails, which made navigation possible
at the time. Also in rural communities, the wind powers windmills to pump well water to the
surface of the land, and some windmills are used to grind grain, such as the Dutch windmill on
the Danish island of Bornholm, shown in the following image.
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Figure 2.16 Dutch windmill on the Danish island of Bornholm (CC BY 3.0)

Nowadays, as the world is hungry for strength and wind is handy free renewable in all places
so the hazard of harvesting wind and funding wind mills initiatives is profitable and worthy. In
the 1970s, the world became more fascinated in wind electricity and began growing some
wind turbines. There have been reasons for this interest. Oil price inflated in the mid-1970s in
contrast with the developments in materials, aerodynamic analysis, and computer-aid
software. Those motives gave the birth to advance and establish good sized amounts of wind
farms . Later, wind turbines become extra famous and investment captivating due to the fact
of its high-power output per unit and the usage of the old technology of Electrical power
generators. In addition, they are low maintenance, use little land, robust, have direct power
conversion, low noise and uses existing power infrastructure such as transmission lines.
However, they have three drawbacks. First, energy output is tough to control. Second, wind
farms are better for peaking applications. Third, adequate wind velocity has to exist so wind

turbine can produce electricity and this speed is called cut-in velocity [36]
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Figure 2.17 Horizontal-axis and Vertical-axis Wind Turbines (Schreck & Robinson, 2007)

There are two types of wind turbines, horizontal axis and vertical axis, and in this work by
the aim is to focus on the horizontal type for many reasons, such as the horizontal turbine
being more powerful in very strong winds and easier to cut speeds and the data collected.
There are horizontal wind turbines in Alberta, but horizontal wind turbines require yaw
control to match wind direction. a farm or even a lamp post. Most of the investors, however,
are looking for larger ones because they generate more power at a lower cost per unit. The
Horizontalaxis Wind Turbines (HWT), the most commercial type, have the main rotor shaft
and electrical generator on top of a tower and must point into the wind, which requires yaw
control of the . The rotor blades rotate vertically and lock into place. Wind energy in explains
mechanical energy according to the laws of aerodynamics and then drives an electrical
generator. Vertical axis wind turbines (VWT), on the other hand, have the main rotor axis
vertical and the generator is below it.The rotor spins at very low and high speeds, which gives
this type a wide operating range for the . In addition, the rotor does not have to be exposed to
the wind and the wind can be harvested from different directions of the Energy Association
[38]shows the difference between HWT and VWT:
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The basic components of a wind turbine with a horizontal axis are three such as rotor, nacelle
and tower. The rotor, which accounts for about 20% of the cost of the wind turbine [40],
consists of a group of blades, generally three, but it can be two or more and these blades

receive wind and convert the force of the wind into force mechanics the equation:
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Figure 2.18 Wind Turbine Components (Ziazi et al., 2017)

Here Peff is the percentage of the nominal power, Pw the mechanical power in moving air,
p the density of the air, A is the area covered by the rotor blades and u the air speed.
Accordingly, the Betz law specifies the maximum achievable extraction of wind energy by a
wind turbine as 59.3% of the total kinetic energy of the air flowing through the turbine [40].
The second part is the nacelle, which mainly houses and protects the mechanical and
electrical components The first part of the nacelle is a gearbox that converts the low wind
speed into a high speed suitable for generating electricity The generator is the second
component , which accounts for about 34% of the cost of the wind turbine, generate electricity
with a certain frequency of AC [41]. The third component is the controller, which controls
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power conditioning and the rotor switches. The last part is the tower that supports the nacelle
and rotor. It includes the rotor-azimuth drive and the motor and accounts for around 15% of
the cost of the wind turbine [41].This figure [37] illustrates further details on the components
of wind turbines:The typical wind turbine has an output proportional to the wind speed. Wind
speed controls the generated power and most typical wind turbines have a limit wind speed at
which no power output is generated and as the wind speed increases, so does the power
output. However, above a certain wind speed this increase stops and the output remains
stable. This speed is referred to as the nominal output speed. The shutdown wind speed
occurs when the turbine cannot safely operate beyond that speed. The output power is
proportional to the cubic meter of the wind speed and to the dimensions of the
rotor. Theoretically, when the wind speed duplicates, wind energy increases in an eight factor.
Overall efficiency is typically 30 to 40% and most of the turbines are now designed and built
on a commercial scale, with the average turbine rated at 2, to 3 MW [36]. The following figure
describes the relationship between the power output and the wind speed of . [37]:

Power (kilowatts)
A Rated output speed Cut-out speed

Rated output power -{ ‘:

Cut-in speed

3.5 14 25
Steady wind speed (metres/second)

Typical wind turbine power output with steady wind speed.

Figure 2.19 Output power vs Wind Speed (Ziazi et al., 2017)
In general, wind power generation is defined by three characteristics such as:

» Type of wind turbine, either horizontal or vertical.
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> Installation on land or offshore. Network connectivity, either attached or standalone.
wind turbines are getting bigger and more powerful. Its size continues to grow for
economic and environmental reasons. The average size of a onshore grid wind turbine
increased from 0.05 MW in 1985 to 2.0 MW in 2014, while the largest wind turbine
to date has an output of 8.0 MW with a rotor diameter of 164 meters . Dong Energy
is one of the pioneering companies in the wind industry that developed an illustration

to compare the size of wind turbines to a Boeing 7478, as shown in the following

figure:

Figure 2.20 Several Commercial Wind Turbines Sizes (credit for DONG Energy)

2.3 Energy Storage Systems

Mostly the supply does not correspond to the demand and with renewable energy production it
is even worse because the energy production as supply is not linear and always variable over
time because the availability of energy depends on weather conditions. , power interruptions
and blackouts occur and create system challenges that affect power quality, reliability, and
resilience. As a result, power interruptions and outages occur and create system challenges
that affect power quality, reliability, and robustness of the power supply. a possibility to save
and vice versa scenario if the demand is higher than power supply needs additional energy to
be in the system, otherwise the system will shut down and will cause a power failure.
Therefore, having a storage system as a means of storing excess energy and releasing it when
needed and leveling out power output is essential in the design of a modern renewable energy
system. . However, there are several ways to store energy in different forms. These forms are
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mechanical, electrical, chemical, thermal and electrochemical. The following table illustrates
these different types with some examples [42]:

Table 2.1 Electrical energy storage type

Mechanica Electrical Chemica thermal electroch
I I emical
Pumped Double-layer Hydroge Sensible Secondar

hydro capacitor n fuel heat y

storage Dbatteries

Compress Superconducti as

ed air ng magnetic molten Flow
coil salt batteries

Flywheel

Most electrical storage machine has three integral elements as power transformation system
(PTS), central storage and charge-discharge manipulate machine (CDCS) [43]. Different types
of electrical storage systems have different power and electricity ratings as shown in
subsequent discern [43]:
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Figure 2.21 Rated Power vs Energy Capacity of ESS (Li & Dong, 2019)

The focus here is on batteries and hydrogen as the proposed system, as they are highly
scalable, portable and dimensionally suitable for off-grid energy system applications. Two
different types are used to give the system medium term storage like batteries with a fast
response rate. and hydrogen as a reservoir of long-term storage in the event that no input
energy is drawn from the renewable system to cover the energy of the house for approximately
a planned period of and in this work the period of one week. Hydrogen tanks can be added to
increase capacity without the need to expand the fuel cells, as the tanks are separate from the
fuel cells' power generation, as opposed to batteries, which act as storage and power

generation [44].

2.3.1 Battery Energy Storage

Batteries are fascinating considering the fact that they save huge quantity of energy in the
chemical bonds and release it when the chemical reaction takes a place. A battery is a system
that consists of electrochemical cells which convert chemical strength into electrical one.
The phone basically is shaped from three components as a superb electrode, a poor
electrode, and liquid or solid electrolyte. A chemical response happens when the two
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electrodes are linked where electrons from terrible terminal omit via to the wonderful
terminal [44],. For the chemical reaction to be completed, proton, fantastic ion, passes

via the electrolyte. The following figure illustrates the principle behind a galvanic battery
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Figure 2.22 Galvanic Battery Cell (Swami Nathan et al., 2015)

Different types of batteries are manufactured to meet different application needs. They can be
used for small applications like a hand watch to large applications like a smart grid battery
storage system . Basically there are two types of batteries like: primary batteries that can only
be used once. secondary batteries that can be recharged after being drained several times or in
cycles. Batteries can be connected in series, parallel, or a combination of both to provide the
required operating voltage and current for the system. Batteries differ based on the chemical
reaction of the and the elements involved in that reaction. Therefore, different elements and

chemical reactions lead to different types of batteries. The most common types of secondary
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batteries that can be used in off-grid systems are lead acid, nickel-cadmium, nickel-metal
hydride and lithium-ion . The following table compares the properties of these batteries [45]:

As can be seen from the table, the lithium-ion battery has better properties and is more suitable

for off-grid system application. These properties can be represented as follows:

» The high energy density is in comparison to other battery types, which leads to a small
storage space.

» High specific power required for the off-grid system as it is the main source of power
after renewables.

» High charging / recharging efficiency, therefore useful for deep discharge.

» The lowest self-discharge rate compared to a moth, allowing the battery to remain
charged for an extended period of time.

» A constant number of cycles that extend the life of this battery storage system.

These characteristics made the lithium-ion battery grow rapidly as in 2015 it became
the most popular form of storage in the world with 85.6% of the world's energy storage
system and a promising technology [8]. Therefore, the lithium-ion battery model will
be used in this thesis work. In the simulation, the battery model is designed and
simulated in MATLAB SimPowerSystems ™ Simulink and this battery model
discussed in article [45][5] is chosen to be linked to the entire proposed system. The
model represents distinct types of batteries and the user can choose which type. The
lithium-ion battery is chosen and is connected to an electrical circuit to simulate the
charge / discharge modes. Lithiumion battery consists of Lithium Cobalt Oxide to form
a positive electrode, Carbon to form a negative electrode and a very thin sheet of
micropunctured plastic to form a separator that passes only positive ions.The battery is
then modeled mathematically as described in the literature and fully discussed in this
paper .The equivalent battery model is shown in the following figure which basically

has a voltage controlled source with serial resistor [5]:
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Figure 2.23 Battery Equivalent Model (Liu et al., 2019)

The charging characteristics of the lithium-ion battery in terms of amperage and voltage are
described in the following figure, which will help design the correct charging circuit to avoid
overvoltages and current charges and to keep the battery safe. The current should not exceed
the maximum discharge current, which depends on the C-rate (capacity) and the cut-off
discharge, if the undervoltage level is reached or the cell exceeds the temperature limits . In
addition to both modes, a voltage equalization circuit must be installed to monitor the voltage

level of each individual cell and to avoid voltage deviations between them.

36



e e ———— 100
s ‘ e
- 4.5 -~ Constant voltage 90
& 4.0 = ' 80
2 35 4 70 £
= - Charge capacity Charger float voltage é.
O 3.0 7— ‘ : . . 60 £
©
_ 100 2.5 Constant current 50 §
=
= 80 2.0 / ‘ 40
c 7/ P S -Charge current ©
2 6015 7 - 30 5
3 Charge rate = 1C
e 4010 ‘ 20
_g 20 05| 7/ 10
o
o o —— o
0 0.5 1.0 1.5 2.0 2.5 3.0

Charge time (hr)

Figure 2.24 Lithium-ion Charging Characteristics (Liu et al., 2019)

The life of a battery is measured by the life cycle of the battery, i.e. H. the number of full
charge / discharge cycles the battery can go through before its capacity falls below 80% of its
original capacity [5].

2.3.2 Hydrogen Energy Storage
Hydrogen is the most considerable component in the universe of extra than 90% of all
atoms [46]. It is the simplest and smallest component with one proton and one
electron. Itisa fuel at general nation stipulations and is odorless, colorless, tasteless
and nontoxic. Fusion of hydrogen atoms produces different factors as helium and a
large quantity of energy. As an example, our most important supply of energy, sun, is
fueled by using hydrogen fusion for hundreds of thousands of years. On earth,
hydrogen rarely located pure and is constantly chemically bonded. water is the most
compound of hydrogen [47]. Hydrogen is by and large used in various chemical
functions such as petrochemical cracking and in ammonia production. Another use of
hydrogen is in the field of energy as an energy carrier. For example, the aerospace
industry uses hydrogen to power large space rockets [47]. Many scientists are

investigating the idea of using hydrogen as an energy carrier, as in their studies such as
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Ohta 1979, Nitsch and Voigt 1988, Scoot and Hafele 1990 and others [48]. Hydrogen
Is clean, sustainable and abundant and, when burned, creates water with no
greenhouse gas emissions, a promising future as a fuel. It can be produced through
various chemical reactions such as: B. Hydrogen, which can be produced by various

industrial processes [49]:

» Steam reforming of natural gas.

» Chemical reduction of coal.

» Solar hydrogen by artificial photosynthesis.

» Partial oxidation of heavy oils.

»  Thermal decomposition of water.

» Electrolysis of water.
However, in the application of generating hydrogen in an offgrid energy storage
system, water electrolysis is the target since water can split into hydrogen and oxygen
where hydrogen can be stored in tanks for later use.A typical Hydrogen storage system
consists of Water electrolysis to produce hydrogen from surplus power, hydrogen
storage tank to store the generated hydrogen for later use and a fuel cell system to
reproduce electricity when needed by using the stored hydrogen.

Water Electrolysis

It is used to avoid legacy operation as this application targets the autonomous system
outside the network. The electrolysis of water is an electrochemical process that
converts water into hydrogen and oxygen with the help of electricity and requires
additional temperature to complete the process. endothermic. The general enthalpy of
reaction requires 237 KJ / mol to generate two hydrogen atoms and release one
oxygen atom. As early as 1800, the chemist Johann Wilhelm Ritter was the first
scientist to use the electrolysis of water to generate hydrogen [50].

Usually, oxygen is released into the atmosphere for economic purposes and to keep
the size of the system as small as possible. The electrolysis of water has many types
such as alkaline, acidic and high temperature electrolysis where at 1700 ° C the water
decomposes to form hydrogen, but here the focus will be on the alkaline electrolysis as
it is the most dominant and uses the excess electricity generated for the project [10].
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The electrolysis cell requires a minimum of 1.23 V and 2 electron faradays to start
functioning and generate hydrogen. Adding heat to the cell lowers the required voltage
[51]. Many cells are stacked to form an alkaline electrolyzer.There are two categories
of alkaline electrolyzers as conventional and advanced [10]. The classic uses potassium
hydroxide with a concentration of 200% by weight because water is not very
conductive of electricity, it is necessary to add acid or alkali to allow the reaction. The
preference for choosing potassium hydroxide is due to optimum conductivity and
corrosion resistance. The electrolyser operates at a pressure of 1 to 30 bar with a
temperature of 70 to 100 ° C [49]. The total hydrogen generated is then stored at
normal pressure or pressurized to a certain pressure level for higher fuel density. Here
is a figure describing the design of Alkaline electrolysis cell and show the difference

between monopolar and bipolar one:
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Figure 2.25 Alkaline electrolysis Cell (Gupta & Raut, 2021)

Hydrogen Storage

The second step after producing hydrogen is storage. Since hydrogen is a very light gas with a

low density of 0.08245 kg / m3 under normal conditions, it has to be compressed under high
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pressure or liquefied at very low temperature or chemically bound to metal hydrides or super-
activated carbon [52]. However, for off-grid applications the first two methods can be used
and hydrogen compression is the most popular option for the small amount of storage. Salt

pipe systems or caverns with a volume of several 100,000 m? are used [53].

Hydrogen Fuel cell

The hydrogen fuel cell is considered to be a very promising technology because it has the
property of converting chemical energy directly into electrical energy. It's like batteries, but
uses fuel from an external source, such as a hydrogen tank, and will continue to produce
electricity as long as fuel is available. It is unclear who invented the fuel cell. The chemist
Christian Friedrich carried out an experiment in 1838 and the Englishman William Grove
discovered the basis. The chemist Christian Friedrich carried out an experiment in 1838 and
the Englishman William Grove discovered the basic functional principle of a fuel cell in 1839
by reversing the process of electrolysis of water to generate electricity from hydrogen and
oxygen and invented the fuel cell, which was almost the same principle. so far [54] By 1963,
NASA had developed hydrogen fuel cells to power satellites and space capsules. The
American ship also uses them for submarines [55]. To generate electricity, a pure hydrogen
gas or a fuel containing a hydrocarbon stream is fed to the anode (negative electrode) and
oxygen from the air or any oxidation compound to the cathode (positive electrode).The two
electrodes are separated by an electrolyte that allows the passage of protons, and the waste of
this reaction is water [56]. Heat is released as a by-product. The figure shows the course of the

reaction and the components of the cell:
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Figure 2.26 Generic Fuel Cell (Preface by Rice University CC)

A fuel cell runs quietly and efficiently and uses hydrogen as fuel to generate electricity, water
and heat and does not have to be recharged. Water waste is therefore considered to be
emission-free and environmentally friendly electricity generation [57]. There are several types
of fuel cells based on the type of electrolyte membrane. Each type has different cell efficiency

and temperature operating range characteristics. The following table explains more [57]:

The most frequently used type of fuel cell is the proton-electron membrane (PEM) due to the
low operating temperature suitable for residential applications, the high efficiency between 40
and 60% and the quick start [57]. The PEM cell consists of two electrodes that are separated
by a proton-conducting polymer membrane. The negative electrode is supplied with hydrogen
gas, while air or oxygen flows into the positive electrode. The electrons flow from the
negative to the positive electrode through an electrical charge that creates a differential
voltage. The hydrogen proton simultaneously passes the membrane and reacts with oxygen to
form water, generating some heat.A platinum catalyst is used to promote the splitting of

hydrogen into a positive ion and an electron [57].
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In recent years, further advancements have been made in the design of fuel cells, and more and
more companies have committed to bringing them to market. However, the market
capitalization is still small compared to batteries due to the high price of the fuel cell and the

hydrogen system which requires many components to function fully [58].

2.4 Hybrid Power Systems

An electrical power system is a network of electrical components designed to supply, transmit,
store, and use electricity. Power generation, transmission systems that transmit power from the
supply side to the consumer, and the distribution network , which processes the power and
then feeds it into households and end users. The first large-scale network was designed in
New York in 1882 by inventor Thomas Edison and his company The Edison Electric Light
Company. The network was originally developed to operate around 3000 lamps for 59

customers with an electric steam generator in [35].

Since then, the traditional grid was once designed to work in a vertical structure as generation,
transmission and distribution with the help of strength controllers, electricity protection system
and SCADA device for overall grid monitoring, to hold reliability, stability, and efficiency.
However, this format is facing challenges in today’s electricity market such as energy losses in
transmission which are commonly from 7% to 12% and different challenges [59]. To
overcome those challenges, the thought of the smart grid is introduced, authorized and viewed
as the new development of the present utility grid [44]. The simple concept in the back of
clever grid is to enhance communication between one of a kind component of the system,
make two-way energy flow and, add real-time measurement instruments. As a result, the grid
will work with choicest strength generation based on high statistics fantastic monitoring and
forecasting and additionally the grid will be protected in opposition to threats from inner

system failures or exterior threats [9].

2.4.1 Smart Power Grid
The smart grid encompasses a wide variety of new devices and systems, including smart
meters, smart appliances, renewable energy systems and perhaps more in the future.

intelligent network as well as a high quality two-way communication system. The Smart Grid
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Policy is organized in Europe under the European Smart Grid Technology Platform and is
described in the USA according to the legal code 17381 [43]

According to the book Smart Grid by James Momoh , the smart grid can:

>
>
>
>

Manipulate uncertainties in timetables and energy transfers through the network.
Cooperate with renewable energy from either microgrid customers.

Optimizing the quality and reliability of energy transmission and meeting demand.
Dealing with unpredictable events and uncertainties in any operation and planning for

better forecasting.

Here is a figure of a possible scenario of an energy system based on smart grid technology

discussed and presented by Marco Liserre, Thilo Sauter and John Y. Hung in their article

“Future Energy Systems” in 2010 [43].
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Figure 2.27 possible scenario of a power system based on smart grid technology (Ekaba et al.,

2021)

As shown in the figure, the smart grid is made up of two circles: the outside representing the

flow of energy while the inside represents the flow of data on the communication channels.

Different parties join the network as producers, energy accumulators and consumers. The main
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block of control, transformation and conversion of the power flow between the different parts
Is the power electronics and the way of controlling this network is discussed in several
documents such as [60]. Power electronics play a key role in managing the energy flow

between parts and will be discussed later in this section.

In summary, a smart grid design enables the energy industry to observe and control parts of
the electricity system with a higher temporal and spatial resolution. Another purpose of this
design is to exchange information in real time in order to optimize Operate as efficiently as
possible. The smart grid design would manage every part of the grid at all times, from high
frequency switching in microseconds to variations in solar and wind production in minutes. It
would reduce the future impact of carbon emissions from power generation on a scale of a
decade [61][62].

2.4.2 Stand-Alone Power System

On the different side, there are smaller power systems to support targeted purposes. Those
systems can be linked to the grid or can work independently where in this case it is known as
stand-alone power system. Those systems can be discovered in hospitals, industry, commercial
malls and remote site houses and communities. Some of them are used for emergency
conditions such as uninterruptible electricity supply, UPS. Those stand-alone structures are
divided into two major categories as grid-tie and off-grid power system. The grid tie system
has a characteristic of being connected to the main grid so when more power is required and
the system isn’t capable, the system receive power from the grid and when more power is
generated, the system can sell that power to the grid. The 2nd type is the off-grid system
which is definitely unbiased of the grid and is designed normally to help homes, industries and
remote-area communities that is technically challenging to be linked to the grid or the grid
power transmission is expensive and not economically feasible. Self-contained systems mainly
consist of a power source, a converter, and a power consumer. However, in order to achieve
higher power quality and overall reliability and stability of the power system, additional
components must be added to the system as multiple energy. Sources, Energy Storage and
General Energy Flow Regulator. This system is called; Off-Grid Hybrid System An off-grid

hybrid system is a collection of at least two power sources with at least one energy storage
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device to supply a consumer without a grid connection and has power converters that enable
the flow of energy between these components under the supervision and management of one
component Energy flow regulator [62]. Power sources vary depending on the application,
location and purpose of the system, but here in this article the focus is on the off-grid
renewable hybrid system is the main topic, so the next section will elaborate and discuss this
further.

2.4.3 Renewable Hybrid Off-Grid Power System

The off-grid renewable hybrid system is generally popular as a hybrid renewable energy
system, HRES [63], and is designed to harvest renewable energy and use that energy
independently and efficiently for provide a specific load such as a house, neighborhood or
village or even on a larger scale. The system uses energy storage units to balance supply
demand, supports power quality and improves system reliability and the ability to work alone.
The storage is mainly implemented as a bank of batteries, but other solutions exist, in
particular fuel cells, etc. [64]. Most system designers aim to use dissimilar renewable sources,
as opposed to energy storage, to overcome the constraints and limitations of each component.
Conversely, load behavior is indeed an important factor in the design of such an HRIS and is
generally divided into four categories such as baseload, intermediate, peak, intermittent, or
non-programmable [64].Renewable energy resources and the selection of solar and wind
power over others are well discussed in section 2.1 of this chapter while the energy storage
system and the selection of batteries and fuel cells are discussed. discussed in section 2.2.

However, the other components of HRDS will be discussed in section 2.3.

» System configuration and links

There are several configurations for connecting renewable power supplies with multiple
energy storage units to provide AC and DC load [65]. Three main configurations covering
most of those available would be described as follows:
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1. Power generation coupled to the DC bus line:
Renewable energy sources and energy storage systems are connected to a DC bus main
line . DC converter. The battery is controlled by a battery management system and
protected against overcharging and discharging, then it supplies the DC loads with
power as required.The hydrogen system is also connected via a DC / DC converter. DC
loads can be connected directly to the DC main line and AC loads can be supplied by
a DC/ AC inverter.

2. Electricity production coupled to the AC bus line:
Renewable energy sources and energy storage units are connected to a main  AC bus
line. Converter / AC for stable coupling . Solar PV requires a DC / AC inverter. The
battery is monitored and protected against overcharging and discharging by a battery
management system, then the powers a two-way master inverter.Hydrogen system is
also connect using a bidirectional master inverter.AC loads can be directly connected
to the main AC line and DC loads can be supplied by an AC/DC converter.

3. Electricity production coupled to the AC / DC bus line:
DC generation sources and DC energy storage units are connected to the main DC line
while the AC production sources and DC energy storage units are connected to the
main line DC. AC power are connected to the main AC line. The two lines are
connected through a two-way master inverter that supplies AC loads. and DC loads
can be powered by an AC / DC converter.
In this thesis work, the configuration of the DC bus line is used and the following

figure illustrates the general DC bus line as mentioned in [66]:
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Figure 2.28 Electricity Generation using DC Bus Line (Sakharkar, 2021)

2.4.4 Power Electronics

A power converter is an electronic circuit made up of several passive and active electronic
components to perform power conversion. Power converters mainly consist of two stages
such as a power stage and a control stage . In the power stage, power is transferred from one
system to another while the control stage controls this amount of power by controlling the
voltage and current values . Power converters are divided into four categories according to

their use for:

DC to AC power rectifier.
AC to DC inverter.

DC to DC power converter.

YV V V V

AC to AC power converter with the same or different frequencies.

The use of the power converter is generally to condition, maximize and match the
power between two circuits . A DC-AC power rectifier is used to change the current
from alternating current to direct current to match the circuit followed by direct current
. While the DC-AC inverter converts direct current to power an alternating current
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circuit. DC-DC and AC-AC power converters are designed to change voltage or
current between two circuits or frequencies like in AC-AC converter. The following

figure has collected the types:

Converter Converter

Rectifier

Figure 2.29 Power Converter Types

Power converters are the heart of the hybrid power system as they are used for a number of
purposes such as controlling the flow of power or extracting maximum power by changing
the resistance of the circuit as in the MPPT power extraction (to ensure maximum power
extraction) or could be used to adjust the output voltage with variable load to keep the system

rigid and reliable (to improve the power quality of ).

In power electronics, the passive components of the circuit are inductors, capacitors and
resistors  while the active ones are switching transistors. Plus a circuit that controls the
switching frequency of this transistor. The DC-DC circuit, for example, can step-up or step-
down or both. A step-up converter has an output voltage greater than the input voltage and
the step-down converter is a step-down which reduces the input voltage. Both converters have
a D value which can be controlled by an external control circuit.The circuit breaker duty
cycle, D, determines the relationship between the input and output voltages. The operating

ratio of the switch varies from 0 to 1 [48]. Control of the power flow can be achieved by
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controlling the switching ratio of each power converter and controlling the power supply
protection circuits. Definitions and additional details on the power converters, their operation

and design can be found in this book as well as in this article

Protection circuits are used to prevent injury or damage to the system during faults. The most
common type is the fuse which cuts the current when it exceeds a certain threshold. In
addition, there is a mechanical and electrical protection circuit which has a control input and
can be monitored by the main controller . These elements are strongly recommended in the

design of hybrid energy systems to have overall control of the different parts of the system .

2.4.5 Power Flow Control

HRES emphasizes a more complex control mechanism than a single power system. Optimal
system performance requires an advanced and superior supervisory controller that searches
for multiple combined components and matches them[67]. In particular, the exchange of
energy between the solar photovoltaic, the wind turbine, the battery, the water chlorinator, the
fuel cell and the load must be well regulated to ensure that the captured energy is delivered
and stored. as much as possible. Although there are several system components, such as a
fuel cell, that you control, they must be managed as a whole for the system to operate
efficiently and integrated. The supervisory controller guarantees maximum power from
renewable sources and a smooth power flow in the main bus and the stability of the bus
voltage[36].

The supervisory controller takes input data from solar PV, wind turbine, battery system,
hydrogen tank and charges at a specific sample rate. Based on this data, the supervisory
controller commands the controller of each individual component to take some action to
power the load without interruption or a lower output power quality. In addition, the
supervisory controller is responsible for controlling the battery within certain limits in order to
avoid stress and shorten its life and prevent the from running out of storage space. It also
makes operational decisions based on designed rules and policies [50]. It assists with loading /
replenishment and adjusts storage systems accordingly.You can add other objectives to the

list of prudential design requirements.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Data Collection

The hybrid renewable energy system consists of Photovoltaic (PV), Wind turbine
generator (WTG), and battery storage. Distribution of power in the system is monitored using
a fuzzy logic controller. To start designing any electrical system, the designer must first know
how much energy the consumer needs and how consumer demand behavior changes
throughout the day and over the seasons. solar photovoltaic, wind turbines and energy storage
systems. Long ago, meteorological databases were designed and structured to collect
meteorological data such as direct and global solar radiation, wind speed and direction,
ambient temperature, rain perception and humidity. relative to an hourly rate to represent the
weather map of a given area. The most common database to describe a given climate is called
(TMY), a typical metrological year of which presents a series of weather phenomena for the
location being searched, while always provides annual averages consistent with long-term
averages. for that particular location. . For global data collection, NASA recorded weather
data and provided it to the public on its website under NASA Surface weatherology and Solar
Energy: Global Data Sets and is also developing a specific web page for energy renewable
solar [68]. Since 1983, they started collecting various meteorological data around the world
and manipulating monthly and annual average values. Based on this database, researchers
can get an idea of the climate of any place in the world and use the data to design, model and
simulate the systems they propose. Additionally, NREL has established a National Solar
Radiation Database for the United States as well as Guam and Puerto Rico for solar research
.They created three different databases one after the other, and the latest database has a data
resolution of 30 minutes . In addition, Canada has created a meteorological database of
locations across Canada for the period between 1998 and 2014 [43]. Additionally, one of the
inspiring websites for easily viewing and downloading solar data is a website designed by

the Gatton Solar Research Facility at the University of Queensland in Australia. This website
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offers a very high data lifespan and resolution of one minute of solar data. These interesting
data can be found on the website of the Gatton Solar Research Facility [7]

While wind data is hard to find in regular databases, as most databases focus more on solar
and wind speed collected for weather forecasts that do not show elevation of this wind speed.
The choice on the left is to take data from NASA or take data provided by local weather .
Wind data is collected directly from a weather station installed near a meter project. Adama
one wind farm is located in the middle of Ethiopia, about 98Km from Addis Ababa and 3Km
from Adama, with altitude elevation of 1824m which is approximate to 1976m.
Adama/Nazret Wind Park is located in a strip of land, stretching from north east to southwest.
Air density at the wind site is 1.004 kg/m3. The installed capacity of Adama one wind farm is
51MW with 34units of 1500kw wind turbines. The project was officially commenced on June
14, 2011 with contract construction period of 12 months. The total investment is USD117
million, of which 85% from the preferential buyer credit of the Export-Import Bank of China
and 15% by local currency. The installed capacity of the project is 51IMW with 34
GW77/1.5MW units and the project will produce 157.4GWh of power annually to the grid
through a 132kv step-up substation and an extension bay of Adama substation connected
with 4.7km 132kv transmission line and 20km 33kv collecting line. The project has attached
great attention of both Ethiopia and Chinese Governments, as it is the first state-of-art wind
power project in Ethiopia supported by preferential buyer credit of Chinese government. The
project is progressed smoothly with the effort of all related parties. On March 31, 2012. The
first wind turbine generator generated power and connected with the national grid. On April
22, 2012, the last wind turbine generator was erected successfully and the fist wind turbine
generator were put into commissioning and commercial operation on April 6, 2012. According
to wind energy resources evaluation and calculation of power generation amount of wind
farm and in consideration of various losses and auxiliary power, Adama | wind has an average
annual energy output of 162.7 GWh. Through comparison and contrast of their technical and
economic indexes, the feasibility study determined the Goldwind GW77/1500kW as the

proposed turbine.

The monthly average values of solar radiation (kwh/m2/day) on the horizontal surface data

obtained from NMSA at Adama branch which is measured one times per day.
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Year 2012 2013 2014 2015 2016 Monthly | Annual
kwh/m* | kwh/m’ kwh/m? kwh/m? kwh/m® | average | average

January 5.13 5.65 5.18 4.62 5.10 5.14

February 6.22 6.00 5.80 5.58 5.27 5.77

March 5.79 6.35 4.68 5.32 5.35 5.50

April 6.16 5.29 5.95 6.01 5.44 5.77 5.013

May 5.60 5.45 5.12 5.51 5.71 5.47

June 5.02 5.08 4.34 4.58 4.79 4.76

July 3.97 4.25 3.90 4.64 3.86 4.12

August 4.25 3.94 3.96 4.59 4.06 4.16

September 4.56 4.58 4.66 4.63 4.78 4.64

October 4.15 4.54 5.18 5.56 5.63 5.01

November 5.44 4.63 5.03 5.37 5.19 5.13

December 5.07 4.76 4.73 4.39 4.90 4.77

Table 3.1 Monthly average solar radiation [Source: NMSA at Adama branch]

It can be seen from Table 2; the minimum radiation is 3.86 kWh/m2/day in July, 2016 and the
maximum average radiation is 6.22 kWh/m2/day is gained in February, 2012.

3.2 System Sizing

Sizing of the units is essential to ensure the lowest system cost with maximum reliability of
the system power supply. Optimal unit sizing balances reliable system operation and lowers
the current net cost of the system. and blackout. Therefore, there are two main factors for

sizing units such as [69]:

» Economic Factor

» Power Reliability Factor

And researchers have designed parameters, tools, and methodologies to assess these factors.
For the economic factor, there are several parameters to evaluate the system from an
economic point of view and here we are dealing with five tools. First, the level energy cost,
LCE, which is the estimate of energy production, including periodic and non-periodic costs
over the life of the system. It is calculated as the ratio between the total annual system cost,

ACS, and the annual electricity production as:

LCE=— 2 3.1

" Total Electrcity

53



Second, the annualized cost of the system, ACS, which represents the total annual capital,

replacement, operation and maintenance costs. It is formed as:
ACS = Captial Cost + Replacement Cost + Maintenance Cost 3.2

Third, the current net cost, NPC, which represents the life cycle cost of HRDS. Displays the
system cash flow discounted using the current method. It is a set of capital, maintenance,
replacement and slave component costs calculated at present value. The NPC can be

calculated using the following equation:

Total annual cost
NPC= 3.3

_Capital recover factor

Fourth, the internal rate of return, IRR, which is the true investment interest of the system over
its lifetime. It has several names such as return on investment and time adjusted rate of return.
Finally, the payback period, PBP, is the duration of the investment to recover the initial cost of

capital of the system.
For the power reliability factor, this section deals with three functions such as:

1. Probability of power loss: Represents the ratio of power loss to load demand at a
given time.

2. Expected energy not supplied (EENS): this is the expected energy not supplied to the
load when the load is greater than the power generated. This quantity is illustrated by

the following equation:
EENS=Y2%7¢L D 3.4

Where L is the average annual demand and D is the period during which the demand is not

satisfied.

3. Autonomy level: this is the percentage of period for which the load is satisfied. It can
be calculated as the inverse of the duration of the pressure drop compared to the total

running time as:

Duration of loss of load

Level of autonomy =1 35

Total operation duration
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The next step in unit sizing is to determine the methodology for evaluating and
optimizing the above tools and functions. Researchers focus on different optimization
goals and methodologies depending on the system and the operational requirements of
their systems. In the literature different methodologies have been used and here some
should be discussed as follows:

1) Atrtificial intelligence approach: number of approaches have been reported as
genetic algorithms, artificial neural networks, particle swarm optimization, harmony
search, ant colony optimization and other. This approach can handle the nonlinearity
of the system and most of them don’t require weather data availability to sizing
system components [70]. For example, Hongxing Yang designed power reliability
model based on loss of power supply probability plus an economic model based on
annualized system cost using genetic algorithms approach [71].

2) Multi-objective approach: where optimization tools are used to solve the
optimization problem for more than one objective.

3) lterative approach: where optimal performance for the hybrid renewable energy
system is achieved using a program that recurs till the final solution is optimum. In this
approach, usually, net present cost, NPC, or levelized cost of energy, LCE, tools
are used to optimize the system cost whereas loss of power supply probability, LPSP,
the function is used to achieve power reliability.

4) Analytical approach: where a computational model is used to find system feasibility
by characterizing each component of the system. Then, several system configurations
are

evaluated by comparing single or multiple performance indexes and the best fit is the
optimum sizing.

5) Probabilistic approach: this approach studies the changes in power resources or
demand and then a risk model can be derived. However, this approach does not
recognize the change in the dynamic of the system performance.

6) Graphical construction approach: it is one of the linear optimization tools that
works only for two decision variables.

7) Commercially available computer tools: they are the most common tools for
evaluating the system performance and analyze its cost and power reliability. Energy
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production cost of different system configurations can be easily visualized using these
tools to find the optimum configuration for best performance. Several tools are
available for designing of hybrid renewable energy systems, such as HOMER,
HYBRID2, and HOGA.We intend to size each component based on certain factors.
The main factors to focus on are the maximum power supply and the balance between
consumer demand and renewable energy production in one year. These factors are in
part the power reliability factor discussed above, and some tools such as power

probability losses can be part of this sizing method.

3.3 System designing approaches

Numerous studies have examined the role of energy storage systems (ESS) such as
batteries and fuel cells (FCs) in the hybrid renewable energy system (HRES) [72][73].
According to[74], thanks to their rapid ramping capability, fuel cell systems can
alleviate the problems associated with intermittent power generation in DGs. This
phenomenon was observed in [74] where a computer model to simulate a transient
operation of a tubular solid oxide fuel cell was proposed. to assess cell responses to
different load demands and to define transient limitations and control requirements.
The logic-based supervisor controller was proposed in [75] with FC supplying power
to the load and ultracapacitors (UC) assisting during transients. However, the
combination of FC and UC is not economically feasible.

Since the focus of this work is not on transients, the use of expensive CPUs should be
avoided. An important advantage of a large UC is the high discharge rate required to
provide a rapid RH response. Therefore, other technologies must be used to achieve
more desirable results. The problem of slow battery response can be overcome by
exploiting the fast response characteristics of fuel cells [76] to damp oscillations

caused by frequent load and generation changes within a smart grid.

A full review of the different methods[77] revealed that there are still issues to be
resolved, mainly related to failures affecting end consumers. Further work on storage
and FC and storage can be found in [78], where an electrical equivalent was developed

and proposed the circuit of a fuel cell generation system for control purposes based on
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the fuzzy logic controller (FLC). Focused on the response time for the load variation of
25% of rated power at full load. Although all the studies cited obtain good results for
their specific purposes, did not consider controlling the flow of HRES power using a
fuzzy logic controller to use the excess power to generate hydrogen from the water.
This would not only improve the stability of the entire system, but also effectively
manage the energy storage elements, extending the life of the entire storage system and

adequately meeting demand.

This contribution describes a new fuzzy logic controller for HRES with several types
of storage. The proposed scheme solves the problems related to consumer needs
highlighted in [79]. The solution focuses on satisfying supply on the demand side by
ensuring the safety of the Li-ion battery and maintaining its efficiency and reliability.
A complete evaluation of the proposed scheme and validation of its effectiveness is
performed using MATLAB SimPowerSystems ™ using real world solar, wind and
load data. Although there is a specific controller for each component of the system,
there must be an overall controller to manage the operation of the HRES system and
the flow of energy between its components to the designated target and in an integrated
manner. This global controller must organize the interaction of the energy flow in the
power line and ensure a good quality of power supply to the load by monitoring the

level of energy stored in the energy storage units[80].

3.4 Our system modeling

This section describes and discusses various subsystems of the proposed project. Each
subsystem is modeled individually in Matlab Simulink. Electronic power converters, which
are the coupling components for the power flow, are not discussed in this section because they

are considered 100 power converters with “ideal” efficiency in this work.

3.4.1 System Dynamics

The system used in this study is a simplified model of an intelligent electrical system using
wind and solar power. The configuration of the system used is shown in the following figure.
The solar source generates most of its energy during the day and is used to meet the high
daily demand due to the high consumption of electricity for air conditioning and to support

daily activities.
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Power Power flow Energy
Input management storage

Figure 3.1 The Studied Smart Power System

On the other hand, the availability of wind power, the WP is distributed during the day with
more power seen at night. Therefore, the combination of the two sources provides sufficient
total power to power the load. In addition, the system has two energy storage elements: a
battery bank and a complete hydrogen system capable of generating hydrogen from water

using excess energy and generating electricity from hydrogen using hydrogen FC if needed.

The primary supervisory controller directs the energy flow to the load and to and from the
energy storage elements using two modes of operation. In charge mode, the FLC allocates a
percentage of the excess power to the battery and the remaining power to the water
electrolysis, based on three inputs to the FLC. Likewise, in discharge mode, the FLC allocates
a Percentage of power required by the battery and fuel cells to hydrogen based on three inputs
from the FLC As the system relies only on energy storage elements to manage the surplus and
the power required (i.e. not connected to the grid); it is called an off-grid hybrid renewable
energy system [81],[82],[83],[84]. All connections between subsystems are DC connections
and power is converted to AC before feeding the load through DCAC inverters with assumed

ideal efficiency.
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3.4.2 Solar Photovoltaic Subsystem

In this thesis, it is assumed that the maximum power point tracker (MPPT) is used to extract
the maximum possible power from the PV and that a DC-DC power converter is used to match
the MPPT output voltage with the voltage of the system. Photovoltaic cells work on the basis
of the photoelectric effect. [85]. Photovoltaic cells convert light with different wavelengths
into current at their PN junction, producing electricity directly from the cells when they are

connected to a load. The current produced is given by
Liotar = Io(e7/%t — 1)-1 3.6

where k is Boltzmann's constant, 10 defines the scale of the current and q is the electric charge
of the particles making up the current Itotal. In addition, IL is the current generated by light
and is the ambient temperature. Based on solar radiation and ambient temperature, which are
two crucial physical quantities in PV technology, the PV cell matches and produces open-
circuit voltage and closed-circuit current . Then the photovoltaic cells are connected to an
MPPT which is connected to a DC-DC power converter and finally to the DC bus of the
system. For simulation purposes, actual solar energy data is collected from a photovoltaic
panel installed on the roof of a house which supplies the solar data to the smart meter.Then,

this data is provided to the Matlab Simulink model via Matlab mfile.

3.4.3 Wind Turbine Subsystem

A wind turbine converts the kinetic energy of the air in terms of air speed into electrical
energy using an electric generator. Wind energy is the result of air speed, air density and rotor
area [86],[36]. The mechanical power extracted from the rotor, which drives the electric

generator, can be calculated according to:

1 —
Peff = CI’ ﬂgear ﬂgen nelePW = 2 (ntpAuS) 3.7

where is the percentage of rated power, is the mechanical power in moving air, is the air
density, is the area swept by the rotor blades, and is the air speed. This power is applied to
the rotor of the electric generator to produce electricity. The WP is only generated after a
certain startup speed. It then increases the speed until it reaches a stable nominal value and

remains constant until the wind turbine reaches cut-out speed . It is assumed that the wind
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turbine is operating at the point of maximum power. After that, it is connected to the MPPT,
ACDC power converter and finally to the system.For simulation purposes, wind energy data

from a location in Alberta is fed to the Matlab Simulink model for the best simulation result.

3.4.4 Battery Subsystem

In this work, batteries are used as the primary energy storage system for short and medium
term storage. This subsystem is based on the generic battery pack supplied by Simscape Power
Systems in the Simulink environment [87]. The battery type chosen is a rechargeable lithium-
ion battery with a capacity of 5 kWh with charging and discharging power limits of 2C. The
detailed model of the battery system, including the equivalent circuit for charge and discharge
modes, can be found in [87]. The battery is connected to the system via a two-way DC-DC
converter with ideal efficiency and behavior and is controlled by a battery management system

which receives control signals from the main controller.This figure shows the designed battery

subsystem:
Discrete
Ts=0.05s
R1 povega <S0C (%P " <S0C (%) i
D1 ()
cument —= @‘ ) " j <Volgs (V> "’ BataryPOWER W
<Current] [} B o v
<Caurrent (A)> "
 battery V' Battery Power \W o »
¥ Battery | =
Ref VOC Converter |
e S
w2 DC/DC Power converter -
volage Fequired BatteryCurrent 4) l:l

hange battery voltage when changing input 2
Battery Controller
1B (4)

Figure 3.2 Battery subsystem Scheme
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3.4.5 Hydrogen Subsystem

Hydrogen fuel represents long-term storage to store extra energy in large amount for days and
supports the battery subsystem when a high load is applied to prevent damage to the battery,
the battery will not not working sufficiently or shortening its lifespan. Ignoring the hydrogen
compressor and other auxiliary components, this work considers a hydrogen subsystem
consisting of three main blocks, namely hydrogen production, hydrogen storage, and
hydrogen fuel cells. . In charge mode, hydrogen is generated from the excess power
distributed by the fuzzy controller. This power allows electrolysis of water which then
generates hydrogen. The moles of hydrogen generated are given by the following chemical

equation [52]:
2H,0 + electrical energy —»2H, + 0, 3.8

The model of water electrolysis in this project is based totally on a model cited in [11] and is
expressed mathematically as :

nH, = —"F*:pc*ie 3.9

where IJH2 is the rate of hydrogen produced, is the Faraday efficiency, F is the Faraday
constant, is the number of electrolytic cells and is the electric current in the cell. The figure
below shows the proposed design of the water electrolysis subsystem:
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Figure 3.3 Water Electrolysis subsystem Scheme

Once the hydrogen is generated, it requires accumulation with certain parameters. The
maximum capacity of the storage used is 30 kg which alone can provide a charge of 10 kWh
for 4 days and 22.3 hours if a 100% fuel cell is used. The core of the hydrogen storage model

is based on a model described in [88]. This storage model is indicated by

Z+*NHo+RxT
P,-P, =———2b 3.10
MH2*Vb

where is the pressure of the tank, is the initial pressure, Z is the compression factor, NH2 is
the quantity of hydrogen in moles, R is the gas constant, is the temperature of the tank, MH?2
is the molar mass of hydrogen and Vb is the The figure below shows the design of the

proposed hydrogen storage subsystem:
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Figure 3.4 Hydrogen Tank subsystem Scheme

In discharge mode, the FLC requests fuel cells to convert hydrogen into electrical energy in
order to provide the charge. There are many types of fuel cells. The fuel cell model used in
this work is based on equation (6), in which the outputs are water, which can be recycled, and

electricity.
Electrical power generated = Ny, * My, * 0. * E¢ 3.11

In equation (6), this is the efficiency of the fuel cell and EC is the theoretical energy factor
equivalent to 39.4 kWh / Kg or 142 KJ / g . The figure below shows the proposed design of

the hydrogen fuel cell subsystem.
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Figure 3.5 Hydrogen Fuel Cell subsystem Scheme

3.4.6 Demand and Load Power Subsystem

The electricity load determination is the first to be considered in any modeling tool. The
primary load input, which is taken as a sample, is estimated for modeling and analysis of
hybrid system. In this thesis, the proposed energy system should meet the load demand of the
community but two hundred households loads are taken for sample modeling. This
subsystem represents the power required on the demand side. It helps us understand how much
energy needs to be generated each second, so that the system responds to that amount. In the
simulations described, this data is obtained from a Awash melkasa electiric utility. Serving
loads is the reason for the existence of power systems, so the modeling of power system
begins with the modeling of the load or loads. The daily power demand and energy need for
the community of two households are estimated by considering basic domestic appliances
listed in the Table 3.2 . From the Table 3.2 the total power and energy consumption can be
calculated. The total maximum load of an assumed house is 6,916Watt and energy
consumption is 16.049 kwh/day. If the assumption is taken for 200 households of the town,
the power demand and the energy consumed are 1.3832MW and 3.2098MWh/day
respectively.The exisisting power system from koka 2 fedor 4 are 10 distribution transformer
in the town and their ratings are as follows: 100KVA four, 315KVA two, and 200KVA four
and tolal 615KVA. During off peak around 5.535Mwh energy saved to the batery and fuel
cell per day. The load data are obtained from interview conducted for 2 peoples randomly
about their energy usage, type of appliances they used and time of usage in the day.
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No | Appliances per | Rating | Hourly used | Number | Consumption per | Assumed usage
house (W) per day of units | day (kWh/day) time interval (hr)

1 | Stove 1500 3 1 4.500 7-8,19-20,11-12

2 | Electric Mitad 2500 1 1 2.500 6-7

3 |CFL 11 6 4 0.264 18-24

4 | LED light bulbs 9 6 4 0.216 18-24

5 | Washing machine | 500 1 1 0.500 0-10

6 | Electric Iron 400 2 1 0.800 21-23

7 | Laptop 50 3 1 0.150 19-20,7-8,13-14

8 | Toaster 600 1 1 0.600 22-23

9 | Coffee maker 600 1 1 0.600 12-13

10 | Refrigerator 105 24 1 2.520 1-24

11 | Mobile charger 3 3 1 0.009 19-20,7-8,12-13

12 | Internet modem 10 24 1 0.240 1-24

13 | Air conditioner 400 6 1 2.400 11-17

14 | Television 150 5 1 0.750 19-22,7-8,13-14

Table 3.2 daily power demand

3.5 Fuzzy Logic Control

3.5.1 Introduction to fuzzy logic

This chapter deals with fuzzy logic and fuzzy logic control systems. Next, our fuzzy logic
controller proposal for the renewable energy hybrid system is discussed in detail. Fuzzy logic
controllers are found in a large number of products such as washing machines, heaters, air
conditioning, and camera autofocus. The success of fuzzy logic controllers (FLC) is due to
their ability to handle knowledge represented in linguistic form instead. FLC is designed
based on the experience of the expert or user of the system rather than modeling the system
mathematically and then trying to solve complex equations like control engineers did.This
concept gives the strength and motivation to formulate fuzzy logic while Lofti Zadeh

developed and established fuzzy set theory in 1965.

The main advantage of fuzzy logic is its ability to implement experience and knowledge of a

system which can sometimes be difficult to derive its mathematical model accurately and
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completely or poorly defined or the input data is not not precise . Fuzzy logic is a rule-based
system designed by linguistic fuzzy rules, which relates the output control to the input data.
Fuzzy rules come in the form of ifthen rules in which an expert should apply them in a way

that covers all possible conditions that the system should experience.

Any fuzzy system has four components to function, such as fuzzification, rule-based
inference, rules, and defuzzification. Fuzzy logic can receive inaccurate input which will be
converted to fuzzy values such as the degree of membership in linguistic fuzzy sets, so that the
rule-based system will infer the correct result. rule-based linguistic output value and type of
inference (here using Mamdani inference) will be the result of fuzzy output that requires a
defuzzification process that converts those linguistic values to real values (most of the
defuzzification used is the center of area, COA). The rules are based on expert experience and
are a collection of ifthen instructions which contain all the information to control the system.
The fuzzy algorithm includes 25 fuzzy rules as shown in Table 1 The fuzzy inference engine is
the heart of the fuzzy system and makes a logical decision based on fuzzy sets and the result
is a fuzzy linguistic value.The following figure shows the complete components of the fuzzy
logic system:[89]

. uantitative
Input 2 Inference . Q
- Fuzzification . Defuzzification Output
(Crisp) 2 Engine : 35
Fuzzy o Fuzzy (Crisp)

Set Output

Fuzzy Inference Process

Figure 3.6 Fuzzy logic system block diagram (Skalna et al., 2015)

3.5.2 Fuzzy Control System Design
The function of a control mechanism is to maintain certain objectives of the system at
different desired values. The ideal control system is a linear system that directly links its

inputs to outputs. However, in practice, the instabilities affect the output of the controlled
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system and cause a deviation from the proposed set points. The control mechanism is divided
into two main models: an open loop system and a closed loop system. The closed loop system
uses signal feedback to correct the output of the controller to achieve the desired value.The
study of control theory includes the main characteristics of control such as stability, precision,
speed of response, sensitivity and performance . The control of a complex system such as
HRIS is difficult to achieve using conditional methods. Therefore, the FLC is a more suitable
solution as it covers a wide range of possible work situations with an acceptable level of
uncertainty or a lack of future information. The FLC is the closest reasoning to the human
approach to decision making which gives the FLC priority to be selected for the control of a
complex system such as HRES.

3.5.3 MPPT PV control systems
The output characteristics of the PV model with different solar irradiation and cell temperature
are not linear. In addition, solar irradiation is unpredictable, resulting in a continuous change

in the MPP of the PV module, as shown in figure 4.2
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Figure 3.7 MPP of a PV module under different conditions
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Thus, tracking the maximum power point (MPP) of a photovoltaic generator is an essential
part of a photovoltaic system. As such, many techniques for maximum power point tracking
(MPPT) have been developed and implemented (Esram and Chapman 2007). Among these
techniques is bottom-up MPPT like preturb and Observe (P&O), which is a simple algorithm
that does not require prior knowledge of the characteristics of the PV module and is easy to
implement with analog and digital circuitry.

3.5.4 Energy distribution strategy

The energy management strategy (EMS) should determine the power shared between the PV,
wind turbine, PEMFC cell and battery while meeting the energy requirements of the load
against the dynamic restrictions of the battery and the FC stack. In this work, the EMS acts

under certain scenarios, as shown in Figure 4-3
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Receive PV Power at MPP (Pp), WT
Power, Load demand (P), SOC

Y

Pyu=Poy + Pyy
L]

Evaluate the FC/Battery
statuses using a fuzzy
expert system

v

Save battery status
(using flip-flops)

Battery status
is charge?

FC status is
enable?

Fuel cell operates at its
maximum power

Pec = (P~ Py) + Pp praax)

FC status is
enable &
40%<SOC<80%

Discharge
Mode
No  SOC>a0%

Fuel cell and battery shared
the remaining energy
demand needed

p;c = pu = K(P‘- p“)

No Only battery meets the remaining

energy demand needed
Pa - pl.' pn
p;( =0

A

Excess power
goes to the grid

Extra power of the PV/WT
system will be used to
charge the battery

Py =Py-P,
Prc =0

Figure 3.8 Proposed energy management system algorithm

Hybrid energy systems Energy management based on artificial intelligence Frequent

fluctuations in energy demand and unpredictable load profiles are inevitable. In

addition, nonlinear subsystems add to the complexity of the hybrid system structure.

Therefore, an advanced fuzzy expert system will be presented according to weather

fluctuations, state of charging SOC. Figure 3.9 shows the fuzzy expert system

proposed for EMS.
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Figure 3.9 Proposed fuzzy expert system for EMS

A fuzzy logic controller (FLC) is used to decide the optimal operation of the PEMFC battery

system. there are five possible operating modes.

» In grid mode, excess PV / WT power goes into the grid. In this case, the back-
up power system is deactivated (fuel cell / battery).

» In charge mode, the storage battery is charged by the PV / WT when the
charge demand is less than the generated power or / and is charged by the fuel
cell when the SOC is low.

» In battery mode, energy demand is supplied only by the battery when the fuel

cell is turned off. This mode is suitable for low power demand.
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» In hybrid mode, the fuel cell and battery system help meet the remaining

energy demand needed:

This mode is suitable for high power demand.

The FLC and the battery management system keep the SOC at a reasonable
level (40-80%). In addition, they prevent a voltage breakdown by controlling
the required battery power (PB), as shown in Figure 4.3 An SR type flip-flop
was used to store the battery status (BS) as shown in Figure 4.5

*@ '@»
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Figure 3.10 S-R type flip-flop for storing battery status

3.5.4.1 Derivation of fuzzy logic controller for EMS
The block diagram of fuzzy logic controller is shown in Figure 4.6
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Figure 3.11 Block diagram of fuzzy logic controller for EMS

The FLC links the outputs to the inputs using a list of ifthen statements called rules. The if
part of the rules describes fuzzy sets (regions) of input variables. To facilitate the calculation,
the fuzzy variables PH, PL and SOC are described by singleton fuzzy, which means that the
measured value of these variables is used in the interface process without being fuzzy. In
particular the fuzzy rules are of the form: Rule i: IF PH is Ai and PL is Bi and SOC is Ci,
THEN FCE is Di and BS is Ei Where Ai, Bi and Ci are fuzzy subsets in their universes of
speech, and Di, Ei are fuzzy singletons. Each universe of discourse is divided into three fuzzy
subsets: L (low), M (medium) and H (high). The fuzzy subsets and membership form are

shown in Figure 3.12.

Membership function plots TR LTI 181

Lo Med High

Hybridpower
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Figure 3.12 Membership functions of the FLC of utility side

These membership degrees are evaluated to obtain the output controller, and subsequent parts
of all rules are averaged and weighted according to these membership degrees. The core of

the fuzzy controller rule set is shown below.

1-3 IF Pyis L and P; is L\M\H and SOC is L, THEN FCg is ON and BS is CO

4-6 IF Py isMand P, is L\M\H and SOC is L, THEN FCg is OFF\ON\ON and BS is CO
7-9 IF Py isHand P, is L\M\H and SOC is L, THEN FCj is OFF\OFF\ON and BS is CO
10-12 IF Py is L and P, is L\M\H and SOC is M, THEN FCy is OFF\ON\ON and BS is CD
13-15 IF Py isMand P, is L\M\H and SOC is M, THEN FCg is OFF\OFF\ON and BS is CD
16-18 IF Py is Hand P, is L\M\H and SOC is M, THEN FCj is OFF and BS is CD

19-21 IF Py isLand P, is L\M\H and SOC is H, THEN FCgis OFF and BS is DO

22-24 IF Py isM and P, is L\M\H and SOC is H, THEN FCy, is OFF and BS is DO
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25-27 IF Py isHand P; is L\M\H and SOC is H, THEN F(C is OFF and BS is DO
Note: CO means charge only, DO means discharge only, and CD means charge or discharge.

For example, if we assume that PH, PL, and SOC are 600, 641, and 48.2, respectively. Then,
according to figure 4.7, PH and PL belong to L and SOC belong to L and M (rules 1 and 10).
The two possible combinations are therefore: (1) PH isL, PL isLand SOCisL (2) PH isL
PL is L and SOC is M. For each case, we calculate the weighting factor using the fuzzy
operator AND (product), as shown in figure 7.17, and obtain the corresponding singleton
values Di and Ei . Ei can be 0 (DO), 1 (CO)or2 (CD 19). Therefore, the backup power
system is # 40; FC / battery and n ° 41; the condition is calculated using the center of gravity
method (Negnevitsky 2004).This gives FCE = 0.159 0 (off) and BS = 1.8 = 2 (the battery is
working in normal mode; it can discharge or charge. In this case, the will discharge 41 W

when charging).

3.6 Designing the MISO rule based fuzzy logic for residential energy

controller

3.6.1 Creating and labelling the membership functions (MFs)
» Input Load Consumption

Load consumption has been identified as one of the variables impacting high and
increasing energy costs in households. The control at inlet was sampled for a total
consumption of 15 kw / h. The amount of consumption is converted to% age of the

remaining daily limit using the following equation.

load consumption

X100% 3.13

Load consumption % =—— -
daily maximum power

The membership function parameters of the consumption were sampled as shown in

Figure 4.4 within a range from 0 to 100%
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Figure 3.13 Appliance load consumption membership functions (kw in %)
mathematical equations of the membership functions shown in Figure 3.13 as follows:

(0 C<0

0<C<5

C
(O ow=14 2 3.14
tow™) 10 & - <10

I 5
Lo c=>10

(0 c<10
!% 10 < C < 20
U(C)Medium: 30-C 3.15
T 20<C< 30
0 Cc =30
0 C < 30
!% 30 < C < 65
H(C)Highz 100—c 3.16
35 65<C<100
0 Cc>100

where C is the load consumption in %
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» Input Electricity Price (P) in cents

Advanced metering infrastructure commonly referred to as smart metering has the advantage
of providing customers with real-time energy consumption, energy cost data for helps
customers know how to effectively manage their consumption. Reducing consumption
during peak periods can lead to reduced costs and demand . In this study to facilitate the two-
way communication that AMI is capable of, Figure 4.5 illustrates the membership functions
at the cost of electricity read from smart meter during peak, normal and off-peak periods.

Prices are set at cents for each period and billed per second.

Membership function plots *°! %= 184

offpeak Standard Peak

input variable "P"

Figure 3.14 Electricity price membership functions in cents

Three membership functions in Figure 3.14 were designed to separate the demand response

tariffs namely off peak that cost 15c, standard that costs 45c, and peak that cost 80c.

0 p<>5
® == 5<p<15 i1
ey k= _ :
off pea £2 15<p<20
0 p =20

76



(0 p <20
== 20<p<45
U(P)standard: 60—P
T 45 < P < 60
0 p =60
( 0 p <60
== 60<p<80
H(P)peak:4 100-P
| %o 80 <p<100
L o p=100

3.18

3.19

» Daily Remaining Electricity Limit (DRL) entry

The prepaid smart meter was chosen for the study with the user's desired amount of

electricity

. The daily remaining electricity

limit was then calculated by subtracting

electricity used from the initial daily limit. The remaining daily limit in% of age was then

the fuzzy input of the controller with three triangular membership functions (minor,

sufficient and adequate) as shown in Figure 4.6.

Membership function plots = %M 181
Less Enough Adequate
'-r
input variable "DRL

Figure 3.15 Daily Remaining Electricity Limit membership functions (kw in %)

The triangular membership functions of the available electricity are mathematically

expressed by the following equations:
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0 DRL < 0
RL

(
"’1—5 0 < DRL < 15
n(DRL), :4 _ 4
o5 l3°1'5m 15 < DRL < 30
0 DRL > 30
( 0 DRL < 30
, 'DR;;S" 30 < DRL < 50
W(DRL) pnowah= ) 3.21
enons 7"22” 50 < DRL < 70
0 DRL > 70

0 DRL <70

|DRL-70 -4 _ DRL < 85

wW(DRL) 44 :4 15— 3.22
adequate % 85 < DRL < 100

0 DRL = 100

» Output load status (LS)

The state of charge was the only output from the controller. Figure 3.16 shows the
membership function at the output of the system. The defuzzified output value determines
whether, for a specific amount of time, the appliance should be turned on or off based on the
aggregation of the outputs of all the specified rules. . For presentation purposes in this study,

the ON and OFF values have been converted t0% .

oot moints: 121

Membership function plots
OFF OM

output vanable "LS"

Figure 3.16 Load status of the appliance membership functions in %)

Figure 3.16 is a MATLAB snapshot showing the plots of membership functions for the
output variable "Lstatus”. The universe of speech is the range of voltage signals which
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must activate respectively "off" or "on" which disconnects or connects the load. Signal
levels between 0 and 50 will activate the "OFF" function, while signal levels between 50
and 100 will activate the "ON" state.

Mathematical expression of Figure 3.16 is:

( 0 LS <0
% o<Ls<25
U(LS)Less:4 50-LS 3.23
l s 25 <LS <50
0 LS =50
( 0 LS <50
JLSZ‘SW 50 < LS < 75
M(LS)Less: 100-LS 3.23
| 75 75 <LS <100
k 0 LS > 100

3.6.2 Building fuzzy rules
Fuzzy rules are important for mapping input and output variables. It is a series of
linguistic statements that describe how decisions are made by the fuzzy controller. The
state of the rule satisfies to some extent in fuzzy logic, and each rule will affect the result
of the collection depending on the degree of fulfiliment [10]. The fuzzy state evaluation
rules in this study were derived using the heuristic method in which the rule collection
was formed by analyzing the behavior of the controlled process. The summary of the rules

designed in this study is presented as follows.

Table 3.3 Designed fuzzy logic controller rules

Rule Load Price Remaining Load
consumption daily limit Status(output)

1 Low ON

2 Medium Off-Peak Adequate ON

3 Medium Off-Peak Enough ON

4 Medium Off-Peak Less OFF
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© 00 ~N o O

11
12
13
14
15
16
17
18
19

Medium Standard Adequate ON

Medium Standard Enough ON
Medium Standard Less OFF
Medium Peak Adequate OFF
Medium Peak Enough OFF
Medium Peak Less OFF
High Off-Peak Adequate ON
High Off-Peak Enough ON
High Off-Peak Less OFF
High Standard Adequate ON
High Standard Enough ON
High Standard Less OFF
High Peak Adequate OFF
High Peak Enough OFF
High Peak Less OFF

The objective considered when designing the rules was to control residential electricity
and improve consumption. Many variables can meet this objective, but for this study only
the price of electricity, the consumption of the load, the day and the number of days
desired by the consumer to use a given quantity of electricity during a period of time. of
time have been studied. Rules were activated using the max of min (AND) method in
which the minimum value of precedent was taken to allow the controller to activate more
than one rule condition at the same time but with different strengths . The rules were

structured as follows:

Rule 4: IF Consumption is “Medium” AND Price is “Off-peak” AND Available
Electricity is “Less” THEN Load Status is “OFF”

3.6.3 Choosing deffuzzification method

The final control in the fuzzy controller is based not only on the rule base, but also on the
chosen inference mechanism [89]. Choosing the proper defuzzification method of the

fuzzy controller plays an important role in performance. There are many defuzzification
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methods that can be used by the fuzzy controller, but the accuracy of the method depends
on the controlling application. The most widely used methods are the centroid methods
and the maximum of the mean method. The existing literature as advanced by [45]. has
suggested criteria for choosing the defuzzification method which has continuity,
plausibility, computational complexity and disambiguation. the maximum mean method
was chosen as the appropriate method for the controller in this study.The center of gravity,
as studies show, brings stability and precision to the controller. This is evidenced by its
ability to: « No big change resulting from the output with the small change in the input. e
The defuzzed output was central to the support of the resulting membership function and

had a high degree of membership function.
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Chapter Four

RESULT AND DISCUSSIONS

This section presents the results of Predicted Energy Rule Viewer, Surface Viewer, Rule ,
and Surface View for appliance planning. Finally, the overall result of the simulation for
the  model proposed by exchanging the input parameters. the load participate in the
management of the demand .The method introduces online energy management using a
hierarchical controller between four energy sources: photovoltaic (PV) panels, wind
turbine, battery and fuel cell (FC) .
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Figure4.1a Figure4.1b

Figure 4.1 Surface plot for FC
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Figure 4.3 Surface plot for FC and Bstatus
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Figures 4.4a,4.4b and 4.4 ¢ show the matlab simulink plots generated for the
output variables “Battery status” , “FC”, and input variable respectively. The plots

show the overall behaviour of the system at a glance.
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Figure 4.4 b

L+ T

Figure4.4 c

Figure 4.4 Simulation result of the proposed system
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4.1 Test cases, Results, and Discussion
4.1.1 Case 1:In this case we simulate a scenario where all loads are turned on giving a total
of 5000W of load demand. Hybrid 3000W. The battery SOC is 37%. It follows that:

PH= 3000W; PL= 5000W; Pdiff = 2000W , SOC = 37%.

A snapshot from the MATLAB simulation is shown in Figure 53.

hybrid = 3a+03 demand = 5e+03 batterySOC = 3T FC E=1.A9 BS =0.345
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Figure 4.5 Case 1 Result

In case 1, the power difference between the hybrid power supply and the load demand was
2000w, implying that the hybrid power supply was not sufficient to meet the total load
demand. At the same time, the battery state-of-charge was 37% indicating that the battery
was not charged enough to make up for the deficiency in the supply. The expected result is
that FCE ‘ON’ supply the load. Simultaneously, the power from the hybrid source, though
not sufficient to meet the demand could be used to charge the battery. In figure

53, this expectation was achieved by the fuzzy logic control as seen in the defuzzified
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value for battery status (0.34), which trigger the FCE “ON” and battery charged only
“CO” status for the FCE status and battery status respectively and FCE supply 2000w

load.

4.1.2 Case 2:In this case, all loads but the some load are turned on. This gives a total of
4000W load demand. Hybrid 3000w SOC 80
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Figure 4.6 Case 2 Result
Case 2 implies:

PH = 3000w; PL = 4000; Pdiff = -1000; COS = 80%. The result is shown in Figure 54. In
case 2, the power difference was negative, implying insufficient power, but the battery
state of charge was 80%, which meant that the battery could be discharged to compensate
for the lack of power. An expert decision would be to discharge the battery to provide the
remainder of the charging demand. This result was produced by the fuzzy controller as
shown in Figure 54. "FCB" was deactivated by the 1.2 V signal and become “OFF” state
comdition at this stage battery become charging and discharging condition.

4.1.3 Case 3
In this case, only the refrigerator, television, and the two fans and some load are turned on.
The weather is assumed to be a bit dry with no wind. The resulting output from the PV is
1000W and OW from the Wind. The battery SOC is 48%. The case simulation is shown in
Figure 55 .
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hybrid = 1e+03 demand = 3e+03 batterySOC = 48 FC_E = 1.82 BS = 0.845
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Figure 4.7 Case 3 Result

It sows : PH=1000W; PL= 3000W; Pdiff = 2000W, SOC = 48%

Given the inputs in Case 3, the power difference was negative, implying insufficient
power, but the battery state of charge was 48%, which meant that the battery could be
some how discharged to compensate for the lack of power. An expert decision would be to
discharge the battery to provide the remainder of the charging demand. This result was
produced by the fuzzy controller as shown in Figure 55. "FCB" was activated by the 1.82
V signal and become “ON” state comdition to sopport the battery. at this stage battery

become charging and discharging condition.

4.1.4 Case 4:
In this scenario, it is night time and a bit windy outside the house. All lights are turned on,
the two laptops are in full use, plugged in and charging, and the refrigerator is also
running. Due to darkness the PV has OW output, and the WTG is generation 1000W.
Battery SOC is 95%.
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Figure 4.8 Case 4 Result
The result is:
PH= 1000W; PL=800W; Pdiff = 200w; SOC = 95%.

Case 4 is a scenario where the hybrid power is sufficient to cover the load demand.
Surplus supply power of was used to charge the battery in trickle charge mode because the
SOC is 95%. This result obtained from the fuzzy logic controller is shown in Figure 56.
The 0.588 "FCstatus" signal FC become disconnected. while the 2.01V "Bstatus™ signal
keeps the battery in float mode . In each of the test cases, it was observed that the fuzzy
logic controller was able to accurately obtain  the results of an expert decision for the

behavior of the system given a set of inputs .

From the figure 52 c¢ load profile it is evident that the average power demand is less than
2.4kW. The load profile during peak load periods varies from 3 to 4.5kW, as illustrated in
Figure 52 (c). However, due to weather condition, the output power of the PV/WT
system varies. Therefore, a PEM fuel cell with a reversible ESS was added to the
renewable power system. The battery bank system is capable of sustaining the extra load
of 1.3kW for 1h during peak load demand periods. While, the 6kW PEMFC can meets the
remaining extra power and protect the battery from over-discharging.
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4.2 presantation of Demande side results and analysis

4.2.1 Simulation scenario 1: Low demand price and sufficient electricity
Fuzzy logic system to manage the amount of electricity available according to the
consumer's wishes during a given period and to improve electricity consumption by

programming household appliances according to ToU tariffs.

Table 4.1 Parameters for tariffs

Price Time Parameters in cents
Off Peak 22:00-07:00 15
Medium Peak 07:00-08:00 45
10:00-18:00
20:00-22:00
Peak 08:00-10:00 80
18:00-20:00
o
o o

Figure 4.9 shows the simulation for the demand side

The low, medium, and high load consumption was sampled between 04:49 and 06:59 and
the state of charge was active. This implies that fuzzy logic may have invoked rules 1, 2
and 11 which were summed up based on low, medium or high load consumption, while the
price was off peak and the remaining daily limit was adequate. In this case, the state of

charge was activated.
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4.2.2 Simulation scenario 2: Standard price and adequate electricity
This simulation evaluates the behavior of fuzzy logic when checking the consumption of
the load, because the tariff was standard and the daily tariff remaining from the electricity
limit was still adequate. As shown in Figure 4.9, the price went from 15 cents to 45 cents
at 7:00 a.m until 8:00 a.m. In addition, during this period, the active state of the difference
in load consumption has been observed because the remaining daily electricity was always
adequate. Rule 1 was sampled between 7:00 am. and 7:10 a.m. with low load
consumption. Rule 5 was invoked between 7:11 am and 7:16 am with average load
consumption while rule 14 for high load consumption was invoked from 7:19 am to 7:59
am. Fuzzy rules were obseved during peak period and adequate remaining daily electricity
limit. The charge consumption was 80% high at 8:00 a.m., as shown in Figure 5.3, and the

's state of charge was off for one minute.

4.2.3 Simulation scenario 3: Peak price and adequate electricity
Fuzzy logic invoked rules 8 and 17 which show that if the consumption of load s
medium or high and the price is peak or the price is adequate, then the state of load was
OFF. From 8:01 am to 9:59 am during the peak period, fuzzy logic invoked rule 1 to only
allow the low power ON state.

4.2.4 Simulation scenario 4: Standard price and enough electricity
At 10:50 am the current started to be sufficient, that is, less than 70% and more than 30%
as shown in Figure 4.9, which meant that the remaining daily current limit was , it was no
longer sufficient, but sufficient. The state of charge stayed ON from 10:50 a.m. to 3:30
p.m. as the 's fuzzy logic called rules 1, 6, and 15 which allowed the 's low, medium, and
high charge consumption to be ON when the price was on Standard and the remaining

daily limit is sufficient.

4.2.5 Simulation scenario 5: Standard, peak price and less electricity
Between 3:32 p.m. and 5:59 p.m. the price was standard and the remaining daily limit was
lower with load consumption at 100% of the remaining daily limit and the load was turned
off in accordance with rules 7 and 16. The only charge allowed was the load which was
10% and less (low load consumption). At 6:00 p.m. the price peaked with a lower daily
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residual limit also from this period at 11:59 p.m. only 10% of the daily residual limit was
activated.

4.2.5 Simulation scenario 6: Fuzzy logic rule testing
Fuzzy logic rules for orderly device shutdowns to manage the amount of power for a
period of time and to improve the planning of devices in response to ToU tariffs. The
fuzzy logic rules listed in Table 5.3 were developed to switch off devices in an orderly

manner in order to control power consumption.

Table 4.2 Fuzzy logic Rules designed to switch OFF the appliances

Rule Load Price Remaining Load
consumption daily limit Status(output)
4 Medium Off-Peak Less OFF
8 Medium Peak Adequate OFF
9 Medium Peak Enough OFF
10 Medium Peak Less OFF
13 High Off-Peak Less OFF
16 High Standard Less OFF
17 High Peak Adequate OFF
18 High Peak Enough OFF
19 High Peak Less OFF

The OFF state of charge has been classified under the output membership functions in Figure
4.10 as any range from 0 to 50%. The rules for switching off luminaires were designed and
tested before the real-time simulation. The following figures show the rule test for fuzzy logic
rules selected for device shutdown. Average load consumption at off-peak rate with lower
daily residual electricity limit. The state of charge was OFF as invoked by rule 4 and showed
in Figure 4.10
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Figure 4.10 Rule 4 checked

Rule 7 was checked and shown in the following figure when the average load consumption

during the normal tariff and minus the remaining daily limit for electricity was switched off.
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Figure 4.11 Rule 7 checked

Figure 4.12 shows the high load consumption sampled at a reduced tariff with a lower daily

residual electricity limit. Rule 13 was invoked to stop the charge
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Figure 4.12 Rule 13 checked

The following figures shows the Surface view Z-output for the inputs and output.

Figure 4.13 Surface view Z-output of electricity price (y-input) and load consumption (x-

input)
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Figure 4.14 Surface view Z-output of remaining daily limit (y-input) and price (x-input)

To invoke rules 1, 2, 3, 4 and 5, the load consumption must be between 0 and 30% of the
remaining daily limit, therefore the medium and low load consumption must be enabled. The
output of the Z surface view for load consumption was as shown in Figure 4.15
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Figure 4.15 Load Status surface view Z output

When electricity price is off peak, the load status is more likely to be ON for the load

consumption as shown in Figure 4.16
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Figure 4.16 Electricity Price surface view Z output
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On status was invoked mostly when the remaining daily limit was more than 60% of the
electricity daily limit. The z surface view for the remaining daily limit was as shown in
Figure 4.17.
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Figure 4.17 Remaining daily limit surface view Z output

4.2.6 Summary
This chapter presented the results of this study which was studied using the fuzzy logic
controller . The fundamental objective was to control the consumption and the cost of
electricity by considering tariffs, load consumption and the daily remaining power limit
as input and state of charge as the only output. For the actual state of the output (> 50%),
the system was able to calculate the amount of electricity used for that particular runtime
and subtract it from the original calculated daily limit electricity. Logica Fuzzy activated
system was simulated to manage the amount of electricity available as desired by the
consumer during a given period of time and to improve electricity consumption by
programming home appliances in response to ToU tariffs. The simulation lasted 24 hours
and the results were sorted by price and daily residual electricity limit. Finally, what-if
scenario 7 tested fuzzy logic controller rules designed to shut down the device in order to
increase power consumption by programming devices in response to uptime rates. The

results were presented from the z-surface view for each entry versus exit.
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Conclusion and Recommendation

Conclusion

The benefits of hybrid renewable energy systems cannot be underestimated. However, the
struggle to overcome the inefficiencies and unreliability caused by the intermittent nature of
renewable energy sources is still ongoing. Some researchers have focused on extracting as
much energy as possible from renewable sources by developing and using different algorithms
for detecting the maximum power point, others have focused on improving the efficiency of
the converter to minimize losses incurred during power conversions. However, other
researchers have attempted to make improvements in the field of energy storage.And many
researchers have followed the path of optimizing the management of energy flows in HRES,
and this is where this project fits. Much work has been done to monitor and control energy
flows in HRES, but many of them use conventional techniques that do not offer the ease of
implementation, efficiency and reliability introduced by using artificial intelligence (Al)
methods. Based on fuzzy logic, was able to control the consumption of the residential load
by programming the devices as desired by the consumer taking into account the schedules of
use of the tariffs and the remaining quantity of electricity. The implemented model can help
the utility company to better manage its operations, reduce network outages and damage to
equipment.Project results showed that the use of fuzzy logic to monitor supply power, load
demand, and battery charge and discharge for the purpose of proper management of energy
flow produced desirable results,as seen in the test case scenarios. This work demonstrated that
the use of fuzzy logic control in the management of energy flows in hybrid renewable energy
systems offers the advantage of ease of design of the control since there is no need to develop
complex mathematical models as required in conventional control techniques. The fuzzy
inference system simply emulates and automates expert decision making for the behavior of
the system.With an easy to develop control design, you get a more cost effective solution.
Even from exisisting system During off peak around 5.535Mwh energy saved to the batery
and fuel cell per day.

Recommendations
» Other artificial intelligence techniques, such as artificial neural networks (ANN) and
genetic algorithms, could be used to fine-tune the fuzzy logic control system on-line.
» To a greater extent, load optimization could be integrated into the control unit to

further optimize power flow management.
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For example, if the supply is less than the full demand, some loads can be supplied by
the available power, while other loads are switched off, instead of separating the entire
load using a defined load prioritization management algorithm.

This could be built into the control unit. For a more robust system, real-time user
feedback can be incorporated to detect malfunctions, detect alarms, and collect and
record statistical data.

The work could be continued by developing a conventional proportional-integral
controller for comparison with the fuzzy logic controller in order to evaluate other
performance parameters such as settling time and maximum overshoot.

The simulation can be carried out with the MATLAB / SIMULINK environment.
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APPENDICES

Appendix A: Off peak price and adequate electricity

Price Load Consumption Remaining Daily limit

Load Status (cents) (kw/ (kw in %)

75,060247 15 24,648567 98,788543
75,115227 15 24,731547 98,457087
75,15445 15 24,82878 98,071515
75,075054 15 24,928507 97,679179
74,996733 15 25,070875 97,124496
74,998768 15 7,297213 97,032037
74,999371 15 7,303727 96,945489
75,000185 15 7,312481 96,829436
75,001396 15 7,325428 96,658307
75,109998 15 97,390051 96,093811
75,022002 15 88,875673 94,791204
74,800141 15 100 93,465977
75,032297 15 56,897631 93,306165
75,022443 15 57,323481 92,613003
74,998728 15 57,774293 91,890345
75,006843 15 57,979013 91,565886
75,009802 15 4,335543 91,449976
75,005637 15 2,793105 91,240644
75,006135 15 2,800624 90,99569

75,006534 15 2,806673 90,799585
75,006847 15 2,811429 90,645958
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75,107186
75,105788
75,070207
75,044743
75,044414
75,044109
75,043834
75,043579
75,043343

75,043146

15

15

15

15

15

15

15

15

15

15

9,505312
9,508576
9,579682
1,567795
1,569387
1,57086
1,572191
1,573428
1,574577

1,575535

90,624468
90,593359
89,920924
89,545396
89,454526
89,370676
89,295016
89,224816
89,159686

89,105476

Appendix B: Standard price and adequate electricity

Load Status
75,043124
75,043082
74,992857
74,991293
74,989713
74,988115
74,800141
74,800141
74,800141
74,800141

75,084678

Price(cents)
45
45
45
45
45
45
45
45
45
45

45

Load Consumption

(kw/h)
1,575638
1,575845
8,891839
8,897994
8,904156
8,910328
29,873036
29,905299
29,975025
30,040063

33,126983

Remaining Daily Limit
(kw in %)
89,099626
89,087926
89,047386
88,985797
88,924208
88,862619
88,811907
88,716093
88,509726
88,318099

88,066804

108



75,087575
75,093186
75,022999
75,050346
75,046851
75,043394
75,039976
75,036595
75,033251
75,031658
75,030074
75,028498
75,0268

75,025241
75,018333
75,011848
75,012044
75,012436
75,011903
75,010662
75,009462
75,011073
74,800141
74,800141

74,800141

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

33,166662
33,246306
52,441043
40,787878
40,903747
41,020276
41,137471
41,255337
41,373881
41,431024
41,488326
41,545786
41,608214
41,666007
50,947921
62,363175
62,493095
62,754564
63,0072
63,272999
63,529835
63,788764
100

100

100

87,961446
87,750729
87,050569
86,856077
86,610039
86,364
86,117961
85,871922
85,625884
85,507785
85,389686
85,271588
85,143648
85,025549
84,9031
84,751933
84,575739
84,223351
83,885645
83,533257
83,195552
82,857847
82,28198
81,120524

80,47515
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Appendix C: Peak price and adequate electricity

Load Status
24,673469
75,006866
75,007027
75,007188
75,00735
75,007511
75,008308
75,009095
75,009244
74,800141
74,800141
74,800141
74,800141
74,800141
74,800141
74,800141
74,800141
74,800141
74,800141
74,800141
74,800141

74,800141

Price(cents) | Consumption(kw/h)

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

80

Load

100
7,382888
7,384554
7,38622
7,387888
7,389556
7,397757
7,405823
7,407347
10,000278
10,000278
10,000278
10,000278
10,000278
10,000278
10,000278
10,000278
10,000278
10,000278
10,000278
10,000278

10,000278

Remaining Daily
Limit(kw in %)
79,829775
79,798875
79,780872
79,762869
79,744866
79,726863
79,638484
79,551742
79,535375
79,506701
79,484617
79,462539
79,440467
79,215683
78,789907
78,58661
78,39037
78,201138
78,016697
77,839177
77,66422

77,498267
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Appendix D: Standard price and enough electricity

Load Status

Price(cents)

Load

Consumption(kw/h)

Remaining Daily limit

(kw in %age)

74,800141 45 100 75,590846
74,800141 45 100 73,756787
74,800141 45 100 71,971637
74,800141 45 100 70,235395
74,800141 45 100 68,523607
74,800141 45 100 66,836273
74,800141 45 100 65,197847
74,800141 45 100 63,583876
74,800141 45 100 61,994358
74,800141 45 100 60,429295
74,800141 45 100 58,888686
74,800141 45 100 57,396985
74,800141 45 100 55,905284
74,800141 45 100 54,462491
74,800141 45 100 53,019698
74,800141 45 100 51,60136

74,800141 45 100 50,231929
74,800141 45 100 48,862499
74,800141 45 100 47,517523
74,800141 45 100 46,172546
74,800141 45 100 44,876478
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74,800141 45 100 43,58041
74,800141 45 100 42,284342
74,800141 45 100 41,037183
74,800141 45 100 39,765569
74,800141 45 100 38,542863
74,800141 45 100 37,320157
74,800141 45 100 36,097451
74,800141 45 100 34,8992
74,800141 45 100 33,725402
74,800141 45 100 32,551605
74,800141 45 100 31,377807
74,800141 45 100 30,228464

Appendix E: Standard, peak price and less electricity

Load Consumption Remaining Daily limit

Load Status Price(cents) | (kw/h) (kw in %age)
| | S
24,673469 45 10,000278 29,98309

24,673469 45 10,000278 29,982257

24,673469 45 10,000278 29,981424

24,673469 45 10,000278 29,972264

24,673469 45 10,000278 29,953951

24,673469 45 10,000278 29,915698

24,673469 45 10,000278 29,877493

24,673469 45 10,000278 29,840166
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24,673469 45 10,000278 29,802885
24,673469 45 10,000278 29,766478
24,673469 45 10,000278 29,730116
24,673469 45 10,000278 29,693798
24,673469 45 10,000278 29,658348
24,673469 45 10,000278 29,622941
24,673469 45 10,000278 29,586754
24,673469 45 10,000278 29,552253
24,673469 45 10,000278 29,517792
24,673469 45 10,000278 29,483371
24,673469 45 10,000278 29,450627

24,673469 80 10,000278 29,417102
24,673469 80 10,000278 29,383615
24,673469 80 10,000278 29,350167
24,673469 80 10,000278 29,31757

24,673469 80 10,000278 29,28501

24,673469 80 10,000278 29,253299
24,673469 80 10,000278 29,221622
24,673469 80 10,000278 29,18998

24,673469 80 10,000278 29,159181
24,673469 80 10,000278 29,128415
24,673469 80 10,000278 29,098491
24,673469 80 10,000278 29,083136
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Appendix F Technical Parameters of WTGS

WTGS model IGWE6/1500kW (GWT0M500KW IGW T THM500KW IGWE2M1500kW (GW BT/ 500KW
[Security level FECIA IEC | ANEC Il A JEC N AJIEC 1IN A IEC Il A IECINB
[Rated power 1500KW 1500kW 1 500KW 1500kW 1500W
nverter output voltage G520V G20V 620V 620V 620V
Diameter of rotor 56 m 7034 m [76.84m 82 34m 86 6-88.3m
[Swepl area 3421 m* 38859 m* 4637 3m” 5324 9 m* 5874 ~ 6112 m*
Hub height BE5m 65/85 m B5/85m [F0m [FO/75/85 m
IScope of rotation speed [10.6-20.5mpm  [8.8-19 rpm 8.8-17.3 rpm 8.8-17.3rpm [B8.8-17.3 rpm
jof rotor

Rated speed 20.5 rppm 19 rpm 7.3 rpm 173 rpm 17.3 rpm
Rated wind speed 13.1m/s 12 mis 11 mfs 10.3 mfs 9.9 mis
ICut-in wind speed 3 mis 3 mfs 3 m/s 3 mis 3 mis

ICut-out wind speed DT m/s 125 m/s 22 m/s 22 mis 122 m/s
pMaximum survival wind  [78mJs 70m/s 59.5 m/s 52 5 mis 52.5 mis
Epead (3 seconds)

paximum allowable 11m/s 11mi/s [H1m/s 11m/'s 11imis
maintenance wind speed

[Scope of operating L3I0 C-40T [A0CT-407C |30 'C - 40 C 30 C-40C [T -40TC
temperature

[Survival temperature of 40T -50'C 40T -50T 40 T =50 C 40 C-507T [M0T-507T
WTGS

Design service life 20 years =20 years [=20 years 220 years =20 years
Lightning protectionfEC61400-24; [IEC61400-24; JECG61400-24; IEC61400-24; [IECG61400-24;
design standard EC62305 IECG62305 VECBE2305 IECG62305 IECG62305
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