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ABSTRACT

In places where there isn't a consistent power supply, providing consistent and dependable
service can be a major challenge. To address this issue, renewable energies are often
considered the most suitable and practical supply options for sustainable and clean
electricity production in isolated rural areas. In this thesis, an Energy Management System
(EMS) based on an ANFIS (Adaptive Neuron Fuzzy Inference System) is presented for a
hybrid configuration of Wind Turbine (WT), Photo Voltaic (PV) and Battery for the critical
Washuy village sites. The design, simulation, and evaluation of this system are carried out
using MATLAB software. A power flow control scheme is designed to control the flow of
electricity from renewable energy sources like wind and solar and to manage the battery
charging and discharging level. Different modes of operation are selected automatically
dependent on the battery's State of Charge (SOC), solar isolation, and the wind's available
velocity. To modify the range of DC voltage for the solar PV system, a Single Ended
Primary Inductance Converter (SEPIC) DC-DC converter and a low-pass filter are
created and modeled. The ANFIS controller is made for Maximum Power Point Tracking
(MPPT), which takes into account changes in voltage and power from both solar and wind
energy. The batteries' charge and discharge are controlled by a Proportional Integral (PI)
controller. The total load of Washuy village is 206.945KW with a daily energy
consumption of 843.22 KWh, for this load designed 1212 panels with a peak power of
301.443kW polycrystalline silicon photovoltaic, 40kW of wind power and 6000Ah of
batteries are connected integrally.

Key words: - ANFIS (Adaptive neuro-fuzzy interface system), Modeling, Energy
management system (EMS), MMPT Solar-Wind energy system, SPEIC convertor
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CHAPTER ONE

INTRODUCTION

1.1 Back ground of the study

Modern life is dependent on having access to electricity since it promotes social
advancement, economic advancement, and higher living standards. However, inexpensive
and dependable energy is still a rarity in many rural places of the world. These
communities' socioeconomic development is hampered by the energy poverty, which also
restricts access to healthcare, educational opportunities, and economic expansion(Biadgie
2021).

Renewable energy sources, like solar and wind power, have come to light as viable options
for rural electrification in response to this problem(Sen and Bhattacharyya 2014). Solar and
wind power are plentiful, sustainable energy sources that can be used to power rural
regions, even in distant areas far from conventional power lines(Tegin, Advisor, and
Tadiwose 2017).

The fact that traditional biomass energy dominates the energy mix in Ethiopia's rural areas
emphasizes the urgent need for new energy sources. While renewable energy has enormous
potential in Ethiopia, there are several challenges that need to be addressed, such as the
availability of certain power sources to meet demand, power fluctuation, and power
quality. These challenges can be overcome through the use of appropriate technologies and
policies that promote the development and deployment of renewable energy

systems(Tamrat 2007).

Integrating multiple renewable energy sources into a hybrid system can help overcome the
problem of power availability and provide a more reliable and efficient source of energy. A
notable example of one of these systems is the Hybrid Renewable Power Generation
System (HRPGS), which combines two or more energy sources, with at least one of them
being renewable. However, the erratic nature of renewable energy sources, maintaining the
stability and dependability of the power system can be difficult. To address this challenge,
the hybrid system requires some form of energy storage to ensure a continuous supply of

electricity during periods when the renewable sources are not available(Tanashu 2020).
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Effective energy management is crucial for optimizing the performance and maximizing

the benefits of solar and wind power systems. Solar and wind energy are intermittent and

variable in nature, making it essential to employ efficient strategies for their integration,

storage, and distribution. Energy management systems play a pivotal role in ensuring the

smooth operation and enhanced efficiency of solar-wind power systems(Taye 2018).

Energy management systems (EMS) for solar-wind power systems involve a combination

of hardware and software tools to keep track of, manage, and improve production, storage,

and distribution of electricity. These systems employ various techniques to ensure efficient

utilization of renewable energy resources:

>

Forecasting and resource assessment: EMS utilizes weather forecasting and
resource assessment tools to predict solar irradiation and wind patterns. This
information aids in optimizing the operation and scheduling of the solar-wind
power system.

Power control and optimization: EMS continuously monitors the power output
from solar panels and wind turbines, adjusting their operation to maximize energy
production while ensuring system stability. It optimizes the power conversion and
distribution to minimize losses and match the load demand.

Energy storage management: Energy storage plays a crucial role in solar-wind
power systems to address the intermittency of renewable energy sources. EMS
manages the charging and discharging of energy storage systems, such as batteries
or pumped hydro storage, to store excess energy during periods of high generation
and provide electricity during low generation periods or high demand.

Grid integration and interaction: EMS facilitates the interaction between the solar-
wind power system and the electrical grid. It manages the power flow, voltage
regulation, and synchronization with the grid, ensuring seamless integration and
compliance with grid requirements.

Monitoring and maintenance: EMS provides real-time monitoring of the solar-wind
power system, collecting data on energy generation, consumption, and system
performance. This data helps identify maintenance needs, optimize system

efficiency, and diagnose faults or issues for prompt resolution.

Implementing effective energy management systems for solar-wind power systems offers

several benefits:

14



» Enhanced system performance: EMS optimizes the operation and energy flow
within the system, ensuring maximum utilization of renewable energy resources
and minimizing energy losses.

> Improved system reliability: By actively monitoring and controlling the system,
EMS helps ensure a stable and reliable power supply, reducing the risk of power
outages and grid disturbances.

» Cost optimization: Energy management systems enable better planning and
utilization of renewable energy resources, reducing reliance on conventional energy
sources and lowering energy costs over the long term.

> Integration with the grid: EMS facilitates the seamless integration of solar-wind
power systems with the electrical grid, enabling efficient power exchange and
supporting grid stability.

» Environmental sustainability: By maximizing the utilization of renewable energy
sources, EMS helps reduce greenhouse gas emissions, contributing to

environmental sustainability and combating climate change.
1.2 Statement of the Problem

Ethiopia is a predominantly agricultural country in Africa. These rural areas are still
without electric access due to either a great distance from the national grid or a sparsely
populated area. However, it is crucial to electrify rural areas if you want to guarantee the
socioeconomic development of the area and, by extension, the nation. Thus, this area can
be electrified either extending the national grid or by using renewable energy resources.
The high cost of transmission and the extremely low load factor in these locations make it
impractical for the country's economy to extend the national grid to these areas. The same
issue exists at Washuy village, which is located in the south Gonder zone of Ethiopia's
Amhara region and does not have access to the grid for electricity. To satisfy their energy
needs, people in this community use biomass for preparing their food, and oil for lighting.
This leads deforestation and health problems. As a result, women are compelled to perform
daily household tasks like cooking with fuel wood, which accelerates deforestation,
traveling great distances to obtain water, and using kerosene lamps at night. Additionally,
because of a shortage of energy, inhabitants in rural areas are unable to fully take use of
social amenities like clinics and schools. This problem can be solved by using renewable

energy resource like solar, wind hydro etc in stand-alone hybrid way. Designing a solar-
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wind hybrid standalone power generation system with energy management including

battery management and maximum power point tracking are the goal of this thesis effort.

1.3 ODbjective of the study

1.3.1 General Objective

The main objective of this thesis is Energy Management of PV-Wind hybrid system (Case
study Washuy Village in South Gonder Zone).

1.3.2. Specific Objectives
The specific objectives of this thesis are to:

Check the renewable energy resource potential of the study area.
Estimate load demand of the area.

Model solar module, wind turbine, battery and converter mathematically.

YV V V V

Simulate solar system based Adaptive Neuron Fuzzy Inference for MPPT in
Matlab/ Simulink.

Simulate wind turbine based Adaptive Neuron Fuzzy Inference for MPPT.

\ 24

Simulate the whole system (solar-wind hybrid with battery based Adaptive Neuron
Fuzzy Inference System (ANFIS) controller.

1.3 Scope of the study

The main focus of the thesis is on the power management approach for the PV system,
which serves as the hybrid system's primary energy source. It also covers the power
optimization approach utilized in wind turbine power systems. Concentrate on managing
power for the hybrid system, which consists of a PV system, a wind system, an energy
storage system. This system is used to store energy and minimize output power fluctuation.
And also the paper focuses on utilizing an Adaptive Neuro-Fuzzy Inference System
(ANFIS) for achieving maximum power point tracking (MPPT) in both wind and solar
systems. The ANFIS-based approach aims to optimize the operation of these renewable
energy systems by efficiently tracking and extracting the maximum available power from

the wind and solar sources.

1.4 Outline of the thesis

There are five chapters in this thesis.
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Chapter one: Discussed Introduction of research, statement of problem, objective, scope,

significance and limitation of the research work.

Chapter Two: Discussed literature on elements of the hybrid PV-Wind system. It provides
useful information about photovoltaic (PV) power system, SPEIC DC-DC Converter, wind

turbine power system and hybrid photovoltaic/wind power system relevant to this study.

Chapter Three: Explained the methodology for modeling PV Wind power system. Estimate
the load of the village, test visibility of wind speed and solar irradiation the study area,
mathematical modeling of component (PV module, wind turbine, battery and inverter also
filter), design ANFIS.

Chapter Four: explained the block modeling in MATLAB/Simulink for the solar, wind,
and hybrid power systems. Prior to creating the unified system, the Simulink block for the

complete system was created and independently simulated.

Chapter Five: Discusses the conclusion for the results obtained during simulation and

recommendation about future works.
1.5 Significance of the study

The significance of this thesis is:

» To minimize the blackout of base power.

» Greatly minimize deforestation.

> People get social services technologically like school, health center etc.

» Improve the quality of life in the village, as it will provide reliable and affordable
electricity for lighting, cooking, and other essential uses.

» The wind-solar hybrid power system will also create jobs in the village, as it will
need to be operated and maintained.

» To academic reference for first degree and master’s degree or second degree

students.
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CHAPTERTWO

LITERATURE REVIEW

2.1 Photovoltaic Energy system

Solar power systems, sometimes referred to as photovoltaic (PV) energy systems, are one
kind of renewable energy system that uses sunshine to generate electricity. Solar panels, an
inverter, and (in certain situations) a battery bank make up the majority of the system. Here

is how an ordinary PV system functions:

1. Solar Panels: Photovoltaic cells, which are the building blocks of solar panels,

transform sunlight into direct current (DC) electricity.

2. Inverter: The inverter transforms the direct current (DC) electricity generated by the
solar panels into alternating current (AC) electricity, the kind of electricity utilized in

residences and commercial buildings.

3. Battery Bank: In some cases, a battery bank is included in the system to store excess
energy generated by the solar panels for use during periods when the sun is not shining.

4. Electrical Panel: The electrical panel distributes the AC electricity generated by the

inverter to power the electrical devices in the building.

5. Monitoring System: A monitoring system is often included to track the performance of
the system and ensure that it is operating efficiently.

PV systems have a wide range of uses, including large-scale commercial and industrial
installations as well as small-scale residential systems. (Engineering 2020).They can be
particularly useful in remote areas where there is no access to a reliable grid, as they can
provide a self-sufficient source of electricity. Additionally, they can help to reduce
greenhouse gas emissions and dependence on fossil fuels, making them an

environmentally-friendly alternative to traditional energy sources.
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: Solar Irracliance

Charge Controller

Invearter

I Dattery

Figure 2.1block diagram of PV system

Benefits of a Solar PV System

> It directly transforms solar energy into electrical energy without using any moving
parts.

» Solar photovoltaic (PV) systems are dependable and require little maintenance.

» These systems have a projected lifespan of 20 years or longer, are quite, and are
compatible with practically all situations.

> There is no need for a distribution network because it can be situated at the point of

usage.

Disadvantage of solar pv system

» The initial cost of a solar PV system is high.
The efficiency of solar cells is low.
To generate power, a lot of solar cells are needed.

YV V V

Due to the intermittent nature of solar energy, some form of electrical energy

storage is necessary, which raises the cost of the entire system.

2.2 Wind Power System

A wind power system is a type of renewable energy system that converts wind energy into
electrical energy. This system typically consists of a wind turbine, a tower, and a generator.
When wind blows against the blades of the turbine, it causes them to rotate, which in turn

drives a generator to produce electricity (Ababa and Engineering 2019).

The two primary types of wind turbines are horizontal-axis turbines and vertical-axis
turbines. Horizontal-axis turbine is the most prevalent type of turbines which has a rotor

19



with blades that revolve around a horizontal axis. In contrast, vertical-axis turbines have a

rotor with blades that revolve around a vertical axis.

Small-scale household systems to vast commercial and industrial installationsall can make
use of wind turbines. They can be particularly useful in remote areas where there is no
access to a reliable grid, as they can provide a self-sufficient source of electricity.
Additionally, they can help to reduce greenhouse gas emissions and dependence on fossil
fuels, making them an environmentally-friendly alternative to traditional energy sources
(Lotfi et al. 2019).

However, wind power systems do have some limitations. They are dependent on wind
speed and direction, and may not be effective in areas with low wind speeds. Additionally,
they can be noisy and may have visual impacts on the landscape. Proper site selection and
careful consideration of these factors can help to ensure that wind power systems are

effective and sustainable.

2.2.1 Wind Turbine Components

A wind turbine is a complex piece of machinery that consists of several components, each
of which plays a crucial role in the operation of the turbine. Here are the main components

of a wind turbine:

Rotor: The rotor is the part of the turbine that rotates and captures the kinetic energy of the

wind. It consists of two or three blades that are typically made of fiberglass or carbon fiber.

Nacelle: The nacelle is the housing that sits atop the tower and contains the gearbox,

generator, and other components. It is designed to swivel to face the direction of the wind.

Gearbox: The gearbox is a complex set of gears that increases the rotational speed of the

rotor to generate more electricity.

Generator: The generator converts the mechanical energy from the rotating blades into

electrical energy that can be used to power homes and businesses.

Tower: utilized in wind turbine installations are typically constructed using tubular steel,
concrete, or steel lattice materials. These tower structures are designed to support the
turbines at elevated heights. By placing turbines at greater heights, they can harness higher

wind speeds, resulting in increased energy capture and electricity generation capabilities.
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Therefore, taller towers play a crucial role in maximizing the efficiency and productivity of

wind turbines.

Hub: The hub serves as the central point where the rotor blades and the low-speed shaft

are connected in a wind turbine system.

Generator: The generator, linked to the high-speed shaft, plays a crucial role in the system

as it converts the rotational energy from the shaft into electrical power output.

High-speed shaft: The high-speed shaft is responsible for driving the generator in the

wind turbine system.

Low-speed shaft: The rotor turns the low-speed shaft at about 30 to 60 rotations per

minute.

Pitch: Blades are turned, or pitched, out of the wind to control the rotor speed and keep the
rotor from turning in winds that are too high or too low to produce electricity.

Control System: The control system is responsible for starting and stopping the turbine, as

well as adjusting the blade pitch and rotor speed to optimize power output.

Foundation: The foundation is the base that supports the tower and keeps it stable. It is
typically made of concrete and must be strong enough to withstand the forces generated by

the wind turbine.

Overall, these components work together to convert the kinetic energy of the wind into
usable electrical energy. Wind turbines have become increasingly popular in recent years

as a clean and renewable source of energy.
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Figure 2.2 Cut-View of Wind Turbine
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Advantages of Wind Turbines:

>

Environmentally Friendly: Wind turbines are an environmentally friendly source of
energy as they produce clean and renewable power without contributing to air or
water pollution.

Pollution-Free: Wind turbines generate electricity without emitting pollutants such
as greenhouse gases or harmful emissions, helping to reduce the impact of climate
change and improve air quality.

No Need for Traditional Fuel: Wind turbines harness the power of wind, a free and
abundant resource, eliminating the need for traditional fossil fuels like coal, oil, or
natural gas, reducing dependence on finite and polluting energy sources.

Low Maintenance Requirements: Wind turbines require relatively little
maintenance compared to other power generation systems. Routine inspections and
occasional repairs are typically sufficient to ensure their optimal operation.

Long Lifespan: Wind turbines have a long operational lifespan, often lasting up to
30 years or more with proper maintenance. This longevity ensures a stable and
reliable source of electricity over an extended period, contributing to long-term

energy sustainability.

Disadvantages of Wind Turbines:

> Potential Interference: Improperly located wind turbines can interfere with radio

and TV signals, causing disruptions or reduced reception in surrounding areas.
Variability of Wind: Wind turbines rely on the availability of wind at the required
speed to generate electricity. However, wind patterns can be inconsistent, and there
may be periods when the wind speed is insufficient for optimal power generation.
High Initial Cost: Wind turbines involve a significant upfront investment for
installation and infrastructure. The initial cost of purchasing and setting up wind
turbines can be relatively high compared to other forms of energy generation,

which may pose financial challenges for some projects or individuals.

2.3 Hybrid solar-wind energy

Hybrid solar-wind energy refers to a system that combines both solar and wind energy

technologies to generate electricity. The idea behind this technology is to take advantage of

the complementary nature of solar and wind energy, as both energy sources are intermittent

and can complement each other at different times of the day and year (May, 2018 jimma,
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ethiopia 2018). During the day, when there is abundant sunlight, the solar panels generate
electricity, while the wind turbines generate electricity during the night and on cloudy days
when there is less sunlight. By combining the two technologies, the hybrid system can
provide a more consistent and reliable supply of electricity than either solar or wind energy

alone.

Hybrid solar-wind energy systems have a broad range of applications, serving various
needs from small-scale residential setups to large-scale commercial and industrial
installations. They can be particularly useful in remote areas where there is no access to a
reliable grid, as they can provide a self-sufficient source of electricity. Additionally, they
can help to reduce greenhouse gas emissions and dependence on fossil fuels, making them

an environmentally friendly alternative to traditional energy sources (Paulos 2020).

2.4 Literature Review

In this section, an examination is conducted on previous works that are directly or
indirectly relevant to the concept of this thesis. Numerous studies have been undertaken on
standalone off-grid electricity generation, specifically in Ethiopia and other developing

countries.

(Hossam-Eldin, Youssef, and Kotb 2018) Studied, the technical size and economic
optimization of a standalone hybrid renewable energy system coupled to a Reverse
Osmosis (RO) sea water desalination plant in Matrouh, Egypt, are presented. A backup
diesel generator, storage batteries, converters, and PV panels, wind turbines, are all part of
the planned system. The simulation is examined with the aid of HOMER software, which
assesses the ideal setup and system sizing in accordance with the lowest cost of energy
(COE). Evaluations are made of the net present cost (NPC), pollutant gas emissions, and
sensitivity analysis. This study mainly focused on cost management system without taking

into account the energy management evaluation.

(Cetinbag, Tamyiirek, and Demirtas 2019) The paper Studied design, performance analysis,
and optimization of a hybrid micro grid for the hospital complex located on Eskisehir
Osmangazi University (ESOGU) campus using Hybrid Optimization of Multiple Energy
Resources (HOMER) software. The optimization considers the overall effectiveness and
viability of the micro grid system economically throughout time. The planned micro grid,

which consists of photovoltaic (PV) modules, diesel generators, batteries, converters, and
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loads, is set up as a grid-connected hybrid system. Failures of PV modules, rising demand,
rising diesel generator fuel costs, and mains disruptions are identified as performance
variables and realistically modeled in the HOMER simulation in order to optimize the
system. Only the economic feasibility assessment and optimization were included in this

study; the energy management was left out entirely.

(Bekelea and Boneya 2019) Designed and modeled PV, hydro and Wind Smart Micro-Grid
Power generation system for hybrid electrification of remote villages in Ashuda. A hybrid
PV-Wind-Hydro DG system's modeling and control are addressed. Dynamic models are
constructed for the main system elements, including the wind energy conversion system,
the PV energy conversion system, the hydro energy conversion system, the inverter, and
the overall fuzzy logic controller units. The controller keeps track of the demand and the
sources that are available before switching to the proper power supply in accordance with
the established regulations. But the battery management system design is not included in

the suggested method.

(Faquir et al. 2018) Described the use of a fuzzy logic controller to control energy flow in
an extended hybrid renewable energy system that is being used to power a large, remote
site in the Moroccan city of Essaouira. The system integrates two significant renewable
energies, wind and solar, to accomplish efficient energy management. Additionally,
lithium ion batteries were employed as energy storage devices to keep the extra energy
generated by renewable sources or to give the system with the energy it needs when the
energy from the input sources is insufficient to meet the demands of the load. A controller
based on fuzzy logic was put into place to control the energy in the system. The thesis
work includes a detailed presentation of the overall power management strategy, which
addresses the coordination and control of diverse energy sources. The proposed method not

describes the MMPT design, Battery management system and SPEIC controller design.

24



CHAPTER THREE

METHODOLOGY AND SYSTEM DESCRIPTION

3.1 Methodology of the Research

The research methodology employed in this study is outlined in Table 1.1. It encompasses
several key steps, including a comprehensive literature review, data collection and analysis,
the design of a renewable energy system with energy management capabilities, modeling

the system using MATLAB, and analyzing the simulation results obtained.

Table 3. 1 Research methodology procedure

Methods Description

Literature Review A number of literatures about power loss minimization and voltage
profile enhancement have been reviewed in different books,

papers, articles, journals, lectures and materials.

Data collection and | » Investigate solar radiation and wind speed from the NASA and

analysis solar and wind Atlas sites.
» Power consumption of equipments that found in the village.
» Types and rating of wind turbine that used for the village.
» The single equipment Power rating and duration of work.
> Study currently power source of the study area.
Design renewable » Design solar PV system and load battery Depend the total load.
energy System with | > Design wind Energy Depend on the total load.
energy management.
Simulate the system | > Model MPPT of solar and wind using ANFIS on Matlab.
on Matlab » Design Battery Management System.
» Modeling Hybrid system and energy management on Matlab.
» Design and Model overall system.
» Analysis and Discuss the output response.
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3.2 System Description

The PV-Wind hybrid system is modeled using MATLAB Simulink. The Solar Wind
Hybrid Power System (SWHPS) comprises various units, including PV power and wind
power units as primary energy sources, a battery bank unit as an auxiliary energy source,
dc-dc and dc-ac converters, a load unit, and a control unit. The controller unit ensures
efficient power management, meeting the load demand and charging the battery. The dc-dc
converter converts unregulated DC voltage into regulated voltage. The inverter unit
converts DC power generated from renewable sources into the required AC power for the
load. Excess charge from the battery is directed to the dump load unit. The wind model,
photovoltaic model, dc-dc converter model, dc-ac converter model, and energy storage
model are initially built as individual blocks before being combined to create a

comprehensive hybrid system.

3.3 Energy Demand Profile Detail Analysis

The first step in designing a power system is to assess the total power consumption of the
designated study area. The size and cost of the hybrid system components are greatly
influenced by the electrical load magnitude. Estimating the electricity requirements in the

study area entails following crucial steps.

3.4 Load Estimation for Washuy Village

Load estimation primarily involves assessing the power and energy demands of a given
community. In this particular study, the focus is on the village community of Washuy,
which consists of 795 individuals distributed among 170 households. Additionally,
facilities such as a community school, health center, and religious institutions are provided

to cater to the needs of the community.

1. Estimating the energy demand of home appliances in washuy village

When assessing the electricity demand of individual households in Washuy village, it is
recommended to consider the usage of low-energy compact fluorescent lamps (CFLs),
radios, and televisions. To estimate the electricity required in the study area, the following
steps should be followed: List all electrical appliances present in each household, Estimate
the energy consumption of each appliance, multiply the energy consumption by the number
of hours each appliance is used daily and Sum up the watt-hours for all appliances to

determine the total electricity demand.
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Table3.2: Home appliances energy demand size of Washuy village

Appliance  [Equipment  [Number of [Running Power  |[Energy

Load Type |Rating(watt) Equipment time(Hrs/day load(KW) consumption(
per house ) KWwh/d)
hold

CFL Lamps 15 3 6 0.045 0.27

TV 60 1 6 0.06 0.36

Electric 1000 1 3 1 3

stove

Refrigerator 80 1 24 0.08 1.92

Charger 10 2 3 0.02 0.06

Total 1.205 4.895

2. Religious institutions daily energy demand

Table3.3: Religious institutions daily energy demand

Appliance [Equipment  [Number of Running [Power Energy
Load Type [Rating(watt) [Equipment per time(Hrs/ load(KW)  |consumption(
household day) KWh/d)
CFL 15 8 6 0.12 0.72
Lamps
Amplifier 100 2 6 0.2 1.2
Total 0.32 1.92

3. Health center daily energy demand

The health clinic, located in close proximity to a group of communities, serves as a
fundamental service center. It is equipped to provide basic medical services, including
delivery assistance and treatment for minor illnesses, to the surrounding communities. The

health center operates as a clinic, stocking essential medicines and monitoring the health
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conditions of the residents, including regular check-ups for pregnant individuals and

addressing day-to-day healthcare needs.

Table3.4: Health center daily energy demand

Appliance |[Equipment  [Number of  |Running Power Energy
Load Type [Rating(watt) |[Equipment pertime(Hrs/day) [load(KW) [consumption
household (KWh/d)
Fluorescent 50 8 4 0.4 1.6
lamp
Computer 250 1 6 0.25 1.5
\Vaccine 60 1 24 0.06 1.44
Refrigerator
Charger 20 2 2 0.04 0.08
TV 60 1 6 0.06 0.36
Total 0.81 4.98

4. School electricity load consumption

Access to quality education is crucial for the socioeconomic development of any

community and plays a significant role in a country's progress. In each household

participating in this study, at least two family members are of school-going age. Currently,

due to the lack of electricity, there are no students able to attend evening classes. However,

if the school gains access to electricity, it would enable the enrollment of students for night

classes, expanding educational opportunities and providing a pathway for further learning

and development.

Table 3.5: Electricity Consumption for School

Appliance [Equipment  [Number of Running  [Power Energy

Load Type |Rating(watt) [Equipment per time(Hrs/da load(KW) |consumption(
house hold y) KWh/d)

CFL Lamps 15 15 6 0.225 1.35

Computer 250 1 5 0.25 1.25

Printer 50 1 5 0.05 0.25

28



TVs 50 2 2 0.1 0.2

Radios 10 2 5 0.02 0.1
Total 0.645 3.15

Summary of total daily energy usage for Washuy village

Table3.6: Summary of total energy for Washuy village

Types of  [Number |Amount of|Amount of Total Amount of [Total amount of

load power(K |energy(kwh/day)power(KW) energy(kwh/day)
W)

Home 170 1.205 4.895 204.85 832.15

appliances

Religious 2 0.32 1.92 0.64 3.84

institutions

Health 1 0.81 4.08 0.81 4.98

center

Primary 1 0.645 3.15 0.645 3.15

school

Total 206.945 844.12

3.5 Renewable Energy Potential of Washuy Village

Washuy is found in south Gonder zone Amhara region, the location’s renewable energy
visibility analysis is crucial before designing any component. To analyze the visibility, the
researcher uses global wind Atlas and Global Solar Atlas website. The website will deliver
any information about any locations wind or solar potential give the location is precise.

3.5.1 Solar irradiation and solar power visibility test

The general information about Washuy village solar power capability per year is

summarized in Table 3.6.

Table 3.7: solar power capability per year (https://globalwindatlas.info/en)
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Washuy Village Data

Per year

Specific photovoltaic power output PVOUT specific [1746.1kWh/kWp
Direct normal irradiation DNI 1725.8kWh/m?
Global horizontal irradiation GHI 2060.6kWh/m?
Diffuse horizontal irradiation DIF 843.3kWh/m*
Global tilted irradiation at optimum angle|GTI opta 2141.9kWh/m?
Optimum tilt of PV modules OPTA 18/180°

Air temperature TEMP TEMP 11.4°C

Terrain elevation ELE 3093m

Figure 3.2and Figure 3.3shows average monthly direct normal irradiation and average

daily direct normal irradiation for Washuy village.

Figure 3.2: Monthly average Irradiance and Clearness Index (Goo, 2023)
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Average hourly profiles

I e Ffob ™Mar Apr
May IV ) Jeat Aag

Sep Oct Nov Dec

Figure 3.3: Average hourly profiles direct normal irradiation (W h/m2)(Goo, 2023)

The global solar Atlas data shows that daily and annual average solar irradiance is
6.14kwh/m?/day and 1729.3kWh/m2 electric power can be harnessed from solar per year in

Washuy village. Thus we can conclude that solar power is visible for the village.

3.5.2 Wind speed and wind power visibility test

Using same website for wind visibility evaluation for Washuy village, it shows that Annual
average wind speed is 3.95m/s with power Density of 186.98W/m2 at a height of 34m. The

monthly average wind speed is shown in Figure 3.4.

Average Monthly Wind speed (m/s)
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Figure 3.4: Monthly average wind speed of Washuy village in m/s

Hence wind power is visible in the village. The location of the wind tower will be on the

East hilly side of the village takes the advantage of height and clearance.
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Figure 3.5: Wind power generation project site (Goo, 2023)

3.6 Economic analysis of solar-wind hybrid system for

washuy

Using the hourly load demand derived from daily estimated load shown on Figure 3.6, and
monthly load on Figure 3.7, the PV-Wind hybrid power system economic visibility can be

studied by Homer software.

Hourly load demand(kW)
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Figure 3.6: Hourly load profile of Washuy village in kW
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Monthly Average Load (kW)
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Figure 3.7: Monthly average load profile of Washuy village in kW

With the hourly load profile from the load estimation shown in Figure 3.6 and monthly
average load demand estimation shown on Figure 3.7, the researcher used homer software
to determine the cost optimizing PV-wind combination. The cost for complete set for wind
power generation systems are decreasing, with the recent innovation in the area. As
determine by homer software, it is possible to deliver hybrid PV-wind energy to the village
at 51.1 ETB per kWh, which is the minimum cost ref (appendix). The PV system will
deliver 88.1% which is equal to 742.88kW h/day of the load and the rest
11.9 %( 100.34kWh/day) is delivered by wind power generation. In terms of load demand
the PV system will deliver 88.1% which is equal to 182.31kW of the load and the rest
11.9 %( 24.63kW) is delivered by wind power generation. The software also indicates that

the battery bank should have 56.9 autonomy hours.

3.7 Overall Solar-Wind Hybrid Power Generation System

When the two systems are connected, the current should not flow back. Since the inverter
is designed according to the load demand, it is common to both systems. The charge
controller is also designed according to the battery capacity and charging requirement,
making it common to both systems. Therefore, the voltage produced by the photo-voltaic
arrays is converted to the nominal battery voltage (DC link voltage) before connecting the
PV system to the charge controller. The wind generator generates AC voltage, which is
converted to DC voltage for control purposes, which is then converted to the rated voltage
(DC link voltage) of the battery hybrid system by a DC-DC converter. A general block
diagram of the hybrid system is shown in Figure 3.8.

33



PV Array
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generator

Figure 3.8: Overall block diagram representation of the hybrid system

3.8 Equipment Sizing Calculations for a PV Subsystem

| Acipc
| Converte

3.8.1 Size the PV modules

Load

.| DC/DC
“| Converter
.| Charge
DC/DC controller AC/DC
> > » Converter
Converter
A\ 4
Battery

\ 4

PV modules of different sizes produce different power. Total peak power is required to size

the PV module. The peak power produced (Wp) depends on the size of the PV module and

the climate of the location. We have to consider the panel generation factor, which is

different in each location. The solar power generation System block diagram representation

is shown on Figure 3.10.

PV Array

DC/DC
converter

Charge
controller

|

Battery

DC/AC
convertor

Load

Figure3.10: Off-grid solar power generation System block diagram representation

i. Calculate the total Watt-peak rating needed for pv modules

The calculation for determining the size of the PV array used in this study can be

performed using the following equation:

PV, =

area

G,, X Moy xTFC xn,,

3.1
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Where:-

Gav:-is average solar energy input per day

TCEF:-is temperature correction factor

nPV:-is PV efficiency

Nout(OUtput efficiency)=battery efficiency(yg) X inverter efficiency(nnv)

Eqi:- Energy daily load.

As seen from Global solar Atlas data shown on Figure 3.2 the average solar energy input
per day is 6.14kWh/m2/day. Figure 3.9, shows the monthly average period of sunshine of
Washuy village. According to the data, the average period of sunshine in the summer

months is 11 hours and the annual average sunshine period is 8.5 hours.

The temperature of the PV modules rises to 60 °C in the field, so the temperature
correction factor (TCF) is 0.8 (Gont 2019) ,assuming inverter efficiency is 90%, battery
efficiency is 85%, and PV is 12.4% efficiency (Peters et al. 2019) ,P Ve iS,

PV - 844.12 kwh/day x1.3
¥ 6.14kwh/m2/day x 0.124 x 0.8 x 0.765

= 2354.84 m°
The PV peak power (PVpp), at peak solar isolation (PSI) of 1000W/mz, is thus given by

PV, =PVarea x PSI x n,,, 3.2

2354.84 m? *1000W/m? #0.124

= 292kw
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Average hourly profiles

Direct normalirradiation [Wh m?]
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Figure 3.9: Average hourly irradiation profiles of Washuy village in W/m2/day (Glo, 2023)

For this project implementation the researcher selected poly-crystalline silicon photo
voltaic module with 280 W nominal powers (NDQ2E3E/ND162E1) (SUNPRO POWER
CO, 2023), due to their environmental friendly characteristics, low cost and simple
manufacturing process, also have lower heat tolerance to other solar panel in the market.

The characteristic of the module is shown in Table 3.7.

Table3.8: Characteristics of selected PV module

Parameter Value
Open circuit voltageVqc(V) 39.1
Short-circuit currentls(A) 0.32
Voltage at maximum power point Vpp(V) 31.9
Current at maximum power point Iy,(A) 8.78
Temperature coefficient of V. (%/deg.C) -0.3
Temperature coefficient of Is(%/deg.C) 0.03

ii. Calculate the number of PV panels for the system
To determine the number of PV modules required for the project, we divide total power
generated by the overall module to the rating of a single module. Considering 1.125 power

drop on DC — DC converter, the total number of required module is,
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Total PV wattage
Nmodule i 3.3
Sigle PV wattage

_ 292kW x 1125
280W

=1173.22 module

~1174 modules

The value of the system voltage (battery voltage) and the operating voltage of the
individual solar modules are required to determine the number of parallel strings and
series-connected strings. The operating voltage of poly-crystalline silicon photo-voltaic
modules is 39.1V as shown in 3.7. For this project according to load demand, the
researcher selects 400/ — DC battery. Considering 0.125%voltage drop on the DC — DC

converter, the number of PV modules connected in series is:

_ System voltage (battery voltage) x 1125
Operating Voltage of a single module

N

S

(34)

400V x 1125
39.1vV

= 1151 ~ 12 modules (3.5

The numbers of parallel connected modules are;

Nmo ules
N, :% (3.6)

S

= % =97.83~98modules

3.9 Design of a Horizontal Axis Wind Turbine

The important arrangements of wind turbines are mainly the rotor, the generator around the
frame, the stern, the tower, the wiring, and the balance of system mechanisms such as
controllers, inverters, and batteries. Through the rotating blades, the rotor captures the
kinetic energy of the wind and converts it into rotary motion to drive a connected
generator. Figure 3.11 shows a block diagram of a turbine system whose blades are
connected to the generator’s main shaft by a hub. A permanent magnet synchronous

generator creates an alternating current signal that is fed to a rectifier to convert it to a
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direct current. This direct current is used to charge the battery. The output of the battery is

connected to an inverter which converts the DC back to AC to power the load.

Blade »| Main shaft > Generator > Rectifier
(Rotor)

\ 4
Charge | Battery »| Inverter »| Load
controller

Figure 3.11: Block Diagram for entire system of off-grid Wind Power Generation

3.9.1 Design of turbine blades

The wind speed passing through the turbine rotor is considered to be a uniform value ofV,
which has a value of V1 in the upwind and V2 in the downwind distance of the rotor. The
removal of mechanical energy from the rotor is done by reducing the kinetic energy of the

airflow from upwind to downwind or by simply breaking the wind. It means that:
V, <V, 3.7)

As a result, the cross-sectional area of the airflow increases from the upstream side of the

Turbine to the downstream side:

S, >S, (3.8)

If the airflow is treated as an in-compressible flow, the equation for conservation of mass

or continuity can be written as:

m=pS\V, = pS,V, = pSV (3.9)

This expresses the fact that the mass flow is constant in the wind stream. Continuing the

derivation, Euler’s theorem gives the force acting on the rotor of the wind as follows:

F=ma

= m‘i'j—\t/ —mV = pSV(V, -V,) (3.10)
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The incremental energy or the incremental work done in the wind stream is given by:
dE = Fdx (3.11)
From which the power content of the wind stream is:

_dE_Fdx_

P=——-—F—2=
dt dt

FV (3.12)
Substituting for the force F from equation 3.11, we get for the extractable power from the
wind:

P = pSV?(V1 - V2) (3.13)

The power as the rate of change in kinetic energy from upstream to downstream is given
by:

p_AE _ 0.5mV,? —0.5mV,?

=0.5pSV (V2 = V.2 3.14
At At pSV ( 1 2) ( )

Equating the two expressions for the power P in equations.3.13 and 3.14, we get:

PSVA(Y, — V) = 0508V (V2 — V) (3.15)

The last expression implies that:

VAV, = V,) = 05V (V, = V,)(V, + V,)
V = 05(V, + V,) (3.16)

Based on the given information, it is recommended to consider the wind speed at the rotor
as the average of the upstream and downstream wind speeds. It is also suggested that the
turbine should function as a brake, reducing the wind speed from V1 to V2, but not
completely stopping it at V = 0, as this condition is not feasible. To extract energy from the
wind flow, it is crucial to maintain its continuous flow without complete cessation. As a
result, we can derive equations for the force F and power P in terms of the upstream and

downstream speeds by substituting the value of V as follows:
F=pSV(V, - V,) = 0505V - V") (3.17)

P = pSVA(V, — V) = 0.2508(V7 — V,A)(V, — V) (3.18)
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“Downstream velocity factor,” or “interference factor,” b can be introduced as the ratio of

the downstream speed V2 to the upstream speed V1,
b=-2 (3.19)

From equation 3.17 the force F can be expressed as:

F = 0.5pSVA(L — b?) (3.20)

The extractable power P in terms of the interference factor b can be expressed as:

P = 0.2505(V,2 —V,2)(V, +V,)
= pSV3(1 - b?)(1 - b) (3.21)

The foremost imperative perception relating to wind control generation is that the
extractable control from the wind is corresponding to the cube of the upstream wind speed

V,* and may be a work of the impedance’s b. The “power flux” or rate of vitality stream

per unit range, now and then alluded to as “power density (p)” is characterized as:

_P_05p8V°
S S
~05pV° (3.22)

The kinetic power content of the undisturbed upstream wind stream with V = V1 and over a

cross sectional area S becomes:
W = 0.5,oSV3l (3.23)

The performance coefficient or efficiency is defined as the dimensionless ratio between the

extractable power P and the kinetic power W available in the undisturbed wind stream:

_ Extracted power _ Py _ P (3.24)
P ower in thewind P w

wind

C_

p

The performance coefficient is a dimensionless measure of the efficiency of a wind turbine
in extracting the energy content of a wind stream. Substituting the expressions for P from
equation 3.21 and for W from equation 3.23:
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C. = V3V=o.5(1 _ b)) + b) (3.25)

p
When b = 1, V1 = V2, and the wind stream remains undisturbed, resulting in a
performance coefficient of zero. On the other hand, when b = 0 and V1 = 0, the turbine
completely stops the airflow, leading to a performance coefficient of 0.5. The graph
illustrates that the performance coefficient peaks around b = 1/3. To determine the
condition for maximum performance, we can differentiate equation 3.21 with respect to the
interference factor b using the chain rule of differentiation (as shown below) and set the
derivative equal to zero:
d

dc
—* =0.5—[0.5(1-b*)(1+b) |=
" 05db[05( b*)(1+b) |=0

=0.5(1—b?)—2b(L+b) =0
0.5(1—3b%—2b) =0
0.5(1—3b)(L+b) =0 (3.26)

This shows that it has two solutions. The first is the trivial solution: b = —1 and the second
one is b=1/3.From the solution of the equation 3.26 shows that for optimal operation, the
downstream velocity V2 should be equal to one third of the upstream velocity V1. Using

equation 3.25, the maximum or optimal value of the performance coefficient Cp becomes:

C.. =05(1-b2){A + b)

=0.5(1—(1/3)?)(1+1/3) = 0.59259 (3.27)

popt

Furthermore, it is important to note that wind turbines cannot operate at this maximum
limit. The Cp value is specific to each turbine type and is a function of the wind speed at
which the turbine operates. When considering various engineering requirements for a wind
turbine, such as strength and durability, the practical constraint is well below the Betz
Limit, typically ranging from 0.35 to 0.45, which is commonly observed in well-designed
wind turbines. Taking into account other components in a complete wind turbine system,
such as the gearbox, orientation mechanism, generator, etc., only a fraction (10-30%) of the
wind's power is actually converted into usable electricity. This limitation is often referred
to as the Betz Basis or the Betz Constraint. It was, to begin with, defined in 1919 and
applies to all wind turbine plans. It is the hypothetical control division that can be

extricated from a perfect wind stream. Modern wind machines work at a somewhat lower
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commonsense non-ideal execution coefficient. It is for the most part, within the

commonsense framework the execution coefficient considered within the run is;

C =2/5=0.4 (3.28)

Ppractical

Therefore, the rotor blades are converting wind energy into mechanical motion which is
then converted into electrical energy by a generator. The power extracted by the rotor
blades may be expressed as, see (Nongdhar and Goswami 2018; Okokpujie et al. 2018;
Sudarma et al. 2020).

P, =4a(l-a)? E pAUOZ} (3.29)
Where a is the perturbation factor, p is the density of the air, A is the swept area of the

blades and Uyis the speed of the upstream wind.

From equation 3.29 the overall diameter of the rotor blade, (Goundar, Narayan, and Ahmed
2012; Okokpujie et al. 2018). So the blade profile has been chosen whose specification is
given in the Table 3.8.

Table 3.9: Choice of the design tip speed ratio and selection of number of blades(Goundar,
Narayan, and Ahmed 2012).

Design tip speed ratio ,/4 Number of blades
1 6-20
2 4-12
3 3-6
4 2-4
5-8 2-3
8-15 1-2

a. Sizing of the blade radius
For the implementation of this project the researcher uses 40kW Wind Turbines Generator
available on market to meet 11.9% (1.3%x24.63kW = 32.0190kW ~ 40kW) of the load
demanded by the village. The characteristics of this wind turbine generator is summarizes
in Table 3.9.

Table 3.10: Selected 40 kW wind turbine with tower specification (Alibaba, 2023c)
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Wind turbine generator specification Value
parameter

Model FK-40KW
Rated power 40KW
Maximum power 45kw
Wheel diameter 8m

Top net weight 1250kg
Rated voltage 220v-600v
Start-upwind speed 2.5m/s
Rated wind speed 10m/s
Survival wind speed 40m/s
Number of blades 3

Blades material

Generator type

Magnet material
Generator case
Control system

Yaw mode

Working temperature

Reinforced glass fiber

Three PMMAC synchronous
generator

NdFeB (Neodymium magnets)
Casting aluminum alloy
Electromagnet

3,5KWFoldingtail/10-
20Electronicyaw

—40°C to 80°C

> Expected power generated: P = 40 KW.

be positioned at a height of 35 meters, taking into account the air density of 1.225 kg/ms3.

The design of the wind turbine is conducted considering the following parameters:

» Average prevailing wind speed of the area: V = 3.95 m/s.

» Density of the wind at the tower height of 35 m: p = 1.22 kg/m?.

The designed wind turbine should have the capability to generate a minimum electricity
power of 40 kW within a working wind speed range of 3 m/s to 52.5 m/s. The turbine will
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The unknown parameters to be determined: area of the blades A, speed of the blade N and
length of the hub Lh.

Area of the blade: the blade area has been calculate by the following equations (Sudarma et
al. 2020; Yadav 2016).

P,
» T 0.5p7rVa (3.30)
A= 32# (3.31)
pV nturbinecp

Swept area is the area through which rotor blades of the wind turbine rotates. Where, air
density is 1.225kg/m3, power extracted from the wind is approximately 40kW and Cp =
0.4, take over all turbine system efficiency is 0.7, and designed wind velocity is 9.8m/s.

Putting the given values,

» Swept area 312.256m2.

» Radius of the rotor 9.97m.

» Radius of the hub = 0.995m (10% of R).

» Length of the blade =9.97m — 0.997 = 8.973m.

b. Selection of design tip speed ratio and number of blades
The power coefficient is not a static value as defined in the main question; it varies with

the tip speed ratio of the turbine. Tip speed ratio is defined as:

_ blade tip speed _ a,r
wind speed \

A

(3.32)

Concurring to the sort of application, one can chose to select a tip speed proportion, 4. For
a water-pumping windmill, for which more noteworthy torque is required, utilize 1 < 1 <3.
For the electrical control era, utilize 4 < 4 <10. The higher-speed machines utilize less

fabric within the edges and have littler gearboxes, but require more modern airfoils.

Hence for this project tip speed ratio is taken to be 6.

_ Velocity at tip Vi
upwind velosity 'V,

(3.33)
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Upwindvelosity(V,,,) :%xundisturbed wind velosity(V) (3.34)
. . 2
Upwind velocity(V,,) =§><V (3.35)

Subsequently, V,, = 6(2/3)V = 4V . The precise speed of the wind turbine is related to the

ip
speed at the tip of the edge as V,,, p=®,,I'. Hence, the precise speed at the cut-in speed (the

least wind speed at which the turbine edges overcome grinding and start to pivot (Yadav
2016) is Vc = 3m/s for the specific wind turbine chosen in Table 3.9.

Table 3.11: suggested blade number, B for different tip speed ratio

B A
824 1
6-12 2
36 3
34 4
13 >4

The blade tip speed can be calculated from the rotational speed of the turbine and the
length of the blades used in the turbine using equation 3.36.

rotational speed(rpm)zD

blade tip speed =
psSp 60

_rad/s
~ 1207rad / rev
- or (3.36)

(60sec/ min)zD

Where D is the diameter of the turbine and R is radius of the turbine. At cut in wind speed
the rotational speed of the turbine is;

3x4=10wm = owm = 1.2rad/sec

c. Determination of power coefficient
The power coefficient is influenced by the Cd/ClI ratio, which represents the profile drag.
The decrease in the maximum power coefficient is directly proportional to both the tip
speed ratio and the Cd/Cl ratio. Examining the range of design tip speed ratios from 1 to
10, it can be observed that the maximum theoretical attainable power coefficients typically
fall between 0.30 and 0.59.
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Considering, tip speed ration of 2 = 6, number of blades B = 3 and (Cd/Cl)nmi,= 0.01, the
maximum power coefficient, Cpmax= 0.59, which can be calculated from equation 3.27, the
maximum extractable power from the wind kinetic energy and converted to mechanical
energy is 59%. But for practical purpose the maximum power coefficient will not reach

Cpmax, for this project the researcher selected C,= 0.4.

3.9.2 Tower design

The turbine support tower is very important to ensure the stability and strength of the
turbine during its life cycle. Keeping the turbine small reduced the cost and visual impact
of the tower on the area and greatly facilitated turbine installation and maintenance.
Considering the available materials and the need to place the turbine higher than the sheet
metal, metal posts were used and the turbine was placed at a height of 18 meters. The
turbine blades were above all obstacles in the immediate vicinity and high winds, keeping
the turbine height within a usable range. The metal bars used can be cut to any length,
allowing the tower height to be adjusted to fit any location. The design of the tower is
based on a prominent central axis. It consists of four columns placed on a cement
foundation, with the three outer poles supporting the upper bearings. The generator is

mounted on a longer central pole where it is easily accessible for maintenance.

3.10 Sizing and Design of Power Electronic Converters and

Storage Device

The power produced by a wind turbine is directly proportional to the wind speed because it
does not have the technology to control pitch or turbine speed. Therefore, the output
voltage produced by the wind turbine is converted to direct current by a rectifier, stored in
a storage device (battery), and then converted to a suitable alternating voltage with the help
of the inventor. When the batteries are full, the excess power must be diverted to different
loads to prevent the wind turbines from freewheeling in strong winds. This is where the
landing load (also called cyclic load) comes in. The charge controller switches from

charging the battery to discharging to sending power to keep the wind turbine under load.

Failure to use a reliable bleed load or circulating load can cause the wind turbine motor to
overheat, which can eventually cause the motor to overheat, seize and burn out the stator.
The general circuit diagram of the system consists of six main parts as shown in Figure
3.14.
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Wind AC/DC DC/DC Charge DC/AC Load
Generator [ Convertor [ Convertor [ Controller Convertor
A\ 4
Battery

Figure 3.12: Overall electrical circuit diagram of WECS
3.10.1 AC to DC converter (Uncontrolled Rectifier)
Rectifiers are devices which convert AC into DC. They may be used in:

» Battery-charging wind systems or
» As part of a variable-speed wind power system.

In this project the rectifier is used as both, since the variable speed wind power system is
used to charge the battery and supply ac load at the same time.

The wind turbine generator used in this research has a rating of 48—600V, 20kW

Permanent-magnet 3 phase AC generator. From three phase power rectifier, we have

(3.37)

Where V is rms line to line source voltage and V. is output dc voltage of the rectifier.
Thus the maximum rms line to line voltage generated by the generator is 380V and the

maximum phase voltage is 219.393V, using

“Yu (3.38)

V.
=3

Where V, is phase to neutral voltage of the hub generator.

L
N N N
( ¢ ) ::c v
Y/ N N

Figure 3.13: Full wave 3 phase rectifier with LC low pass filter
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The rectified output when given to this circuit, the inductor allows dc components to pass
through it, blocking the ac components in the signal. Now, from that signal, few more ac

components if any present are grounded so that we get a pure dc output.

A full-wave three-phase uncontrolled bridge rectifier circuit uses six diodes, two per phase,
and the same as a single-phase bridge rectifier. The advantage here is that the circuit
produces fewer ripples than a half-wave 3-phase rectifier because its frequency is six times
the input AC waveform. The rated voltage of the diode must be at least 2xVpn = 438.786V

~ 440V and current rating of at least 1.25x 299 _ 37 9ga ~ 38A.

J3x380v

The nominal minimum frequency of the generated voltage is 50Hz as per specification of
the wind turbine generator. Hence the nominal ripple voltage frequency is fr = 6 x50Hz =
300Hz

3.10.2 Filter design

For 6 pulses rectifier (3 phase full wave rectifier) LC low pass filter is designed as follows

0.013vV,
L= ——lmx (3.39)

27fl,
where Vimax= 2%Vpais maximum line to line voltage, f is line frequency and Iy is the value
the filter inductance is to maintain for continuous conduction mode till some value of the
load current, which is called the critical current (It is taken to be 20% of rated current)

(Rastogi et al. 2015).

The ratio of ripple in output voltage to ripple in unfiltered rectified voltage is given by

2
voo_| L (3.40)
A/

r

Where Vro ripple output voltage, Vr ripple in unfiltered rectified voltage, fc is cut-off
frequency and fr is ripple frequency.

The ripple voltage is calculated as follows

vr=N, 2—V,_2=00853xV,  =0.0853x380V =32.414V

orms max

Where Voms= 0.9588V max and Voay= 0.955V|max. The capacitor value that will deliver the

require ripple voltage is determined as
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1

= 3.41
47%fc’L ( )

The minimum current for continuous conduction should not be less than
2000W

e —6.077A, with this value L will be 2.59mH, equation 3.37.
3% 380V

I, =0.2x

To reduce the output ripple voltage by a factor of 10 (Vro = Vr/10), the cut off frequency
Should be

fo=f o> = f /0.1 = 300Hz x /0.1 = 94.8683Hz

With this the required capacitor value is 1086.67uF, using equation 3.41.

3.10.3 Sizing and selection of battery

Batteries for hybrid wind-solar energy systems are used to store DC voltage for solar
panels and wind turbines. Lead-acid and Hi-Cd (nickel-cadmium) batteries are mainly used
in solar systems. The goal is to store the excess electricity from the wind turbine in the
batteries. The ratio of the electricity produced by the wind turbine to the battery voltage
indicates the value of the used battery in ampere hours (Oguz and Ozsoy 2015; Rekioua
2014). We charge the daily watt-hour (assuming the load operate 12 hours a day) with the
efficiency of the inverter #i,= 90%,

p,, — 2A322KWIT _ 535 91cwir

ninv
Using equation 3.45, considering the accumulators are discharged down by 30%, with 56.9
hours of autonomy as indicated from optimization using homer software and 1.19
temperature multiplier at 240C, the battery bank capacity (KBatWhr) in kWhr and in

ampere hour (Ahr) using the following equation.

PAhr x Days of Automnomy
Battery Temp. multiplier x Discharge limit x battery
_936.91kWhr x (56.9/ 24)

119x0.7x0.85
= 3137.15kWhr

(3.42)

KBatW hr =
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— K BatWhr (3 43)

BatAhr —
Vbattery nominal

= 7.843KAhr

K

The maximum numbers of parallel connected battery strings are recommended to be 2
(Borowy and Salameh, 1996), with this in hand the maximum number of series connected
strings should have;

Single battery Ahr = KB;A'“ _ 7'8432kAhr — 3921 44Ahr (3.44)

Thus selecting 4000Ahr capacity battery for storage is enough.
3.10.4 Charge controller

A charge controller is an electrical electronic circuit that regulates battery voltage and
charging in hybrid power generation systems. The controller keeps the battery fully
charged continuously without overcharging or discharging (Oguz and Ozsoy 2015). Thus,
the voltage ratio of the charge controller should be greater than the battery rating and the
current should be greater than the short circuit current generated by the parallel PV arrays
and the current generated by the wind turbine. So the charge controller current should be;
lcc= 125 x Load Demand

battery

y 206.945kW

400V
= 646.703A

=125

Meaning, the current rating for the discharge controller should be 700A. To ensure proper
operation, the rated voltage must take into account the maximum voltage of solar and wind
energy systems. Based on this result, the selected load driver information is displayed in
the table 3.13. The researcher decides to use three such load controllers in parallel because

there is no single load controller with the necessary specifications.

Table 3.12: Selected Charge controller Specification (Alibaba, 2023a)

Charge controller specification

Model SDC480V- 250A
Rated system voltage 480VDC
Rated charging current 250A

Equalization charging voltage  [976.0V(Adjustable)
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Float charging voltage 540.0V (Adjustable)

3.10.5 Sizing and selection of inverter

As per our design specification, the load power is PL = 206.945kW and the inverter output
is nin= 90%, the required inverter power rating value is 229.9389k1 ~ 230kW or greater,

using equation 3.48. The current rating of the inverter should be or greater.

_ 206.945kW

— 314.4204A 3.45
J3%380 (3.49)

in

Based on this selected inverter specification for the project is shown on Table 3.12.

Table 3.13: Selected 250kW inverter Specification (Alibaba, 2023b)

Inverter specification parameter [Value

Place of Origin: Jiangsu, China

Brand Name: Fotovo

Model Number: MPS30

Input Voltage: DC48V-720V

Output Voltage: AC110-120V/220V-380V

Output Current: 10A400A

Output Frequency: 50Hzor60Hz

Output Type: Single, DUAL, Triple, Quad, Multiple

Size: Customized

Type: DC/AC Inverters

Inverter Efficiency: 97%

Certificate: CE

Warranty: 2years

Weight: 1901600kg

Model: HPS hybrid inverter
Output: 120VAC/240V/380V+5%@50/60Hz

Frequency: 50Hz/60Hz(Autosensing)

Single phase: 120V/220V/240V

Split phase: 120V-240V

3PHASE: 220V/380V

Input voltage: 48VvDC720VvDC
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Isolation transformer: Build in
aveform: Pure Sign Wave
Battery voltage: 48V/96V/192V/240V/380V/400V

3.10.6 Selection of conductor and fuse

Determining the cross-sections of the conductors to ensure that the components of the
system are interconnected was as much effort as calculating the other components of the
system. Since the operating voltage of the system is low, the values of the current passing
through the wire and the distance between the connected devices were considered when
determining the cross-sections of the wires. The value of the maximum current passing
through the conductors has become decisive for the selection of system fuses. When
determining the maximum current values, 1.25 times the current was taken and the current
values used in our system were determined. The cross-section of the wire used in our

system must contain this (Oguz and Ozsoy 2015).
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CHAPTER FOUR

MPPT CONTROLLER DESIGN FOR SOLAR-WIND
HYBRID SYSTEM

4.1 Introduction

Solar charge controllers come in two primary types: PWM (Pulse Width Modulation) and
MPPT (Maximum Power Point Tracking) charge controllers. PWM charge controllers are
ideal for small-scale systems, such as off-grid setups with a limited number of solar panels
and a battery, commonly used for powering recreational vehicles (RVs). PWM charge
controllers are cost-effective options, but they tend to be less efficient compared to MPPT
charge controllers. MPPT charge controllers, on the other hand, are well-suited for larger
off-grid systems like cabins. They employ advanced tracking algorithms to maximize
power extraction from the solar panels, optimizing energy conversion. While MPPT charge
controllers are slightly more expensive than PWM charge controllers, their higher
efficiency can lead to increased overall energy production and potential cost savings in the

long run (Science 2019).

Maximum Power Tracking (MPPT) is an algorithm implemented in photovoltaic (PV) or
wind power generation that allow continuous adjustment of the apparent impedance to the
solar panel or wind power generator so that the PV system or wind power operates at or
near the peak power point of the solar panel under various conditions. Such as changing

solar radiation, temperature, wind variation and load.

MPPT algorithms are often used to design controllers for solar or wind systems.
Algorithms take into account factors such as the changing radiation (sunlight) and
temperature of a solar system and the changing wind of a wind system to ensure that the

solar system or wind system always produces maximum power.

The three most common MPPT algorithms are:

1. Interruption and Detection (P & O): This algorithm disturbs the operating voltage to
ensure maximum power. This algorithm has several improved and optimized variants.

2. Incremental Conductance: The incremental conductance algorithm compares the
instantaneous conductance with the incremental conductance in a photovoltaic (PV)

system. Based on this comparison, it adjusts the voltage to approach and maintain the
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maximum power point (MPP). Once the MPP is reached, the algorithm keeps the voltage
constant, unlike the Perturb and Observe (P&QO) algorithm. This approach ensures optimal

power generation from the PV system.

3. Fractional Open Circuit Voltage: The fractional open circuit voltage algorithm operates
on the principle that the maximum power voltage is always a constant fraction of the open
circuit voltage. The controller measures the open circuit voltage of the PV system's cells
and utilizes it as an input. By considering this value, the algorithm determines the voltage
that corresponds to the maximum power point, allowing for efficient power extraction from

the PV system.

In this project | use P & O MPPT algorithm to develop a structure for ANFIS MPPT
controller. The controllers can be implemented MPPT charge controller can be synthesized
by different methods. Using the algebraic synthesis method, fuzzy logic-based synthesis, or
other types of MPPT synthesis are possible. Using an adaptive neuro-fuzzy inference
system for synthesizing continuous time-tracking problems is robust compared to
analytically synthesized controllers (Rallapalli and Meikandasivam 2021).

Therefore, 1 use ANFIS based control strategy in this project. Different operating modes
are automatically selected according to the available wind speed and solar radiation and
electricity demand. The ANFIS technique involves a hybrid structure of FLC and neural
network (NN). These controllers achieve maximum power transfer from PV modules and
wind systems by matching the impedance between the PV modules, the wind generator,
and the connected load. The system design comprises several components, including a PV
module, a wind generator, an ANFIS reference model, a boost converter, a DC-DC boost
converter, and a fuzzy logic (FL) power controller. The FL power controller generates a
control signal for the converter, aiming to achieve maximum power point tracking
(MPPT). To assess the effectiveness of the proposed MPPT controller based on the
Adaptive Neuro-Fuzzy Inference System (ANFIS), simulations are conducted in the

Matlab/Simulink environment.
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Figure 4.1: P& O MPPT algorithm flow chart

4.2 Adaptive Neuron Fuzzy Inference System (ANFIS)

The Adaptive Neuro-Fuzzy Inference System (ANFIS) is a highly successful framework
that combines the strengths of two powerful paradigms. By integrating neural learning
rules with the fuzzy inference system (FIS), ANFIS effectively identifies and tunes the
parameters and structure of the FIS. This unique combination of neural and fuzzy

approaches has made ANFIS widely applicable in various scientific domains.

ANFIS possesses several attractive features that contribute to its success in a diverse range
of applications. These features include easy implementation, rapid and accurate learning,
robust generalization capabilities, and the ability to provide clear explanations through
fuzzy rules. Additionally, ANFIS allows for the seamless integration of both linguistic and

numerical knowledge, enabling effective problem-solving.

55



According to the neuron-fuzzy approach, a neural network implementing a fuzzy system is
proposed, and fuzzy rule-based structure and parameter identification are achieved by
defining, adapting, and optimizing the corresponding neuron-fuzzy topology and
parameters increase. Build your network based only on available data. The network can be
viewed both as an adaptive fuzzy inference system with the ability to learn fuzzy rules
from data, and as a connection-oriented architecture with linguistic semantics. The Figure
4.2 shows a typical ANFIS architecture. Circles indicate fixed nodes and squares indicate
adaptive nodes. This connectionist structure has input and output nodes, and the hidden
layer has membership functions (MFs) and nodes that act as rules. This eliminates the
shortcomings of ordinary feed forward multilayer networks, which are difficult for
observers to understand and modify. For simplicity, let’s assume that her CIS under study

has two inputs and one output.

Layer 1 Layer 4
+ |
v A Xy
x {// l i Layer 5
-
~a| ) l\
~
¥ I /,—b I
~ B1 -‘ff -
- W, /5

< §

J
2

Figure 4.2: First order Sugeno ANFIS architecture

In the first-order Sugeno fuzzy model, a general rule set consists of two fuzzy "if-then™
rules, which can be expressed as follows:

Rule 1: If x is Al and y is B1, then f1 = p1x + qly + rl
Rule 2: If x is A2 and y is B2, then f2 = p2x + g2y + r2

Here, x and y represent the two crisp inputs, and Ai and Bi are the linguistic labels
associated with the node function.

Referring to Figure 4.2, the system comprises five layers, each with its specific function:
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In Layer 1, the input nodes are equipped with membership functions. The parameters
associated with this layer are known as premise parameters. Each node i in this layer is

represented as a square adaptive node and follows a specific node function:
Ol=p, (x) fori =12 (4.1)

In this equation, X represents the input to node i, and Ai corresponds to the linguistic label
(such as small, large, etc.) associated with this node function. In simpler terms, Oil
represents the membership function of Ai, which quantifies the degree to which the given x
satisfies the linguistic label Ai.

Layer 2: The firing strength of a rule is determined by the output of each node in this
layer. These nodes are represented by circular shapes labeled "11." Each node in this layer

selects the smaller of the two input weights.

The AND/OR operator is employed in this layer to generate a single output that
summarizes the findings of the antecedent's firing strength for a fuzzy rule. It indicates the
extent to which the antecedent conditions of the rule are satisfied and determines the form
of the rule's output function.

To calculate the output (firing strength), the node multiplies all of the input signals
together. The resulting value represents the firing strength of the rule.

07 =, =y () xHg () fori =1, 2 (4.2)

Layer 3: (Average Nodes): In this layer, each node is represented by a circular shape
labeled "N." The purpose of each node is to calculate the ratio between the firing strength
of the corresponding rule and the sum of firing strengths of the entire rules. The i™ node in
this layer specifically calculates the ratio for the i™ rule's firing strength in relation to the
total sum of firing strengths across all rules. This ratio represents the weight of the rule and
is normalized to ensure consistency across all nodes. The outputs of this layer, referred to

as normalized firing strengths, are the results of these weight calculations for each rule.

o =—2 fori = 1, 2 (4.3)

W + W,

Layer 4: (Consequent Node): The fourth layer consists of square-shaped nodes that

represent linear functions dependent on the input signals. These nodes determine the
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contribution of the i rule towards the overall output or the function defined by the model.
Each node in this layer, denoted as node i, performs a specific node function. This function
incorporates the inputs from the previous layers and calculates the respective contribution
of the i" rule to the total output or the defined function.

O =af, = o (pX+qy+r) (4.4)

Where wi represents the output of layer 3, and pi, qiri represent the parameter set of the

current node. These parameters are commonly known as consequent parameters.

Layer 5 (Output Node): The fifth and final layer consists of a fixed node denoted as "P."
This node computes the overall output by summing all incoming signals from the previous
layer. The input signals to the output node are the aggregated results of the preceding

layers, and the output value represents the final output of the model.

- Za)ifi
0 => wf=< (4.5)

2.9

To create a neuro-fuzzy system model, the fuzzy modeling process involves two distinct

phases known as structural identification and parametric identification. Structural
identification focuses on determining the rules' structure. This phase involves partitioning
each variable in the input and output spaces using the number of rules and fuzzy sets. By
doing so, linguistic labels are derived to represent the different partitions. The goal is to

establish a satisfactory structure for the rules.

Once an appropriate structure is established, the parametric identification phase begins. In
this phase, the positions and shapes of all membership functions are fine-tuned. This
involves adjusting the parameters associated with each membership function to optimize
the model's performance. The aim is to refine the model's accuracy and ensure it aligns

well with the input-output relationships observed in the data.

As was already noted, developing fuzzy systems requires a data-driven strategy in order to
get over the drawback of requiring specialist expertise to generate fuzzy rules. These
approaches simply rely on training data and derive their structure and parameters from
scratch. In neuro-fuzzy systems, there are numerous techniques to integrate structure

learning and parameter learning. These can be carried out in that order.
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The fuzzy rule base is first given a suitable structure using structural learning, and the
parameters of each rule are then identified using parameter learning. Some neuro-fuzzy
systems only learn parameters and have a set structure. In neural network learning-inspired
algorithms, parameter learning is frequently used. On the other hand, neural networks are

not frequently used for structural learning.

4.2.1 PV system ANFIS MPPT controller boost converter

Artificial neural networks (ANNSs) and fuzzy logic are used to create the hybrid intelligent
system known as ANFIS (Adaptive Neuro-Fuzzy Inference System). It is an effective tool
for the modeling and management of intricate nonlinear systems. The maximum power
point tracking (MPPT) controller in a solar photovoltaic (PV) system is in charge of
monitoring the PV array's maximum power point (MPP). The MPP is the location where
the PV array generates the most power. The boost converter, a DC-DC converter that raises
the PV array's voltage, is controlled by the MPPT controller by modifying its duty cycle.

The ANFIS-based MPPT controller for a boost converter refers to a specific type of
Maximum Power Point Tracking (MPPT) controller that utilizes Adaptive Neuro-Fuzzy
Inference System (ANFIS) to accurately track the Maximum Power Point (MPP) of a
Photovoltaic (PV) array. ANFIS is a robust tool known for its ability to model and control
complex nonlinear systems, making it highly suitable for precisely tracking the MPP of a
PV array.

The ANFIS-based P&O MPPT controller is a viable option for optimizing Photovoltaic
(PV) systems. ANFIS stands for Adaptive Neuro-Fuzzy Inference System, which is an
artificial intelligence (Al) technique used for system control. Specifically, an ANFIS-based
MPPT controller can be employed in a PV system to accurately track the maximum power
point (MPP) of the PV cells. By continuously monitoring and adjusting the system's
operating parameters, this controller ensures that the PV system operates at its optimal

power output under varying environmental conditions.

The Maximum Power Point Tracking (MPPT) refers to the optimal operating point at
which the Photovoltaic (PV) cells generate the highest amount of power. The MPPT point
can vary based on factors such as solar irradiance, temperature, and load conditions. To
effectively track and adapt to these changes in real-time, an ANFIS-based MPPT controller

can be utilized. This controller employs the Adaptive Neuro-Fuzzy Inference System
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(ANFIS) to continuously monitor the system and make necessary adjustments to its
operating parameters. By dynamically optimizing the system's performance, the ANFIS-
based MPPT controller enhances the efficiency of the PV system and maximizes its power
output.

Implementing an ANFIS-based P & O MPPT controller for a PV system entails the

following steps:

» Collect historical data on change in power for PV output and change in PV system
output voltage.

» Train the ANFIS controller using the historical data.

» Implement the ANFIS controller in the PV system.

» Monitor the performance of the PV system and make adjustments to the ANFIS

controller as needed.

The ANFIS controller can be implemented in hardware or software. In hardware, the
ANFIS controller can be implemented using a microcontroller or a field-programmable
gate array (FPGA). In software, the ANFIS controller can be implemented using a
programming language such as MATLAB or Python. The performance of an ANFIS-based
P & O MPPT controller depends on a number of factors, including the quality of the
historical data used to train the controller, the complexity of the ANFIS controller, and the
operating conditions of the PV system. In general, ANFIS-based P & OMPPT controllers
can achieve a high level of efficiency in tracking the MPPT of PV cells.

Here are some of the advantages of using an ANFIS-based P & OMPPT controller for a
PV system:

» High efficiency: ANFIS-based P & O MPPT controllers can achieve a high level of
efficiency in tracking the MPP of PV cells. This can help to improve the overall
efficiency of the PV system.

> Robustness: ANFIS-based P & O MPPT controllers are relatively robust to changes in
the operating conditions of the PV system. This means that they can continue to operate
efficiently even when the solar irradiance, temperature, or load changes.

» Simple to implement: ANFIS-based P & O MPPT controllers can be implemented in

hardware or software. This makes them a viable option for a wide range of PV systems.
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Overall, ANFIS-based P & OMPPT controllers are a promising tool for improving the
performance of PV systems. They offer a number of advantages, such as high efficiency,
robustness, and simple implementation. However, they also have some disadvantages, such

as the need for training and tuning.

To design ANFIS MPPT controller for boost convert in PV system, the system response
data with discrete time P& O MPPT controller is generated using MATLAB. The data
contains the change in PV output power, change in PV output voltage and the
corresponding duty cycle. Hence the controller has two inputs and one output, as shown in
Figure 4.3.

25 rules

»:,.:‘ "Y.. (' >“'
Change in PV output power Pv anfis

Duty Cycle

Change in PV output voltage

Figure 4.3: High-level diagram of PV system ANFIS controller

The membership function of each inputs are selected in such a way that memory usage and
computational time are minimized without losing robust control, the researcher uses
optimal number of membership function (each input has five gaussian membership
function). The membership function for change in PV output power and PV output voltage

are shown in Figure 4.4 and Figure 4.5 respectively.

Change iu PV oatpat pow peanbveship ot ions

Figure 4.4: Change in PV output power membership function
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Before training the controller the membership functions of each input and the initial
structure of the controller should be set. The initial structure of the controller can be set in

either of the following ways:

» Grid Partition:-Create a single-output Sugeno fuzzy system by equally partitioning the
input variable ranges to produce input membership functions. For every possible
combination of input membership functions, there is one rule in the fuzzy rule base.

» Subtractive Clustering: Through membership functions and rules built from data
clusters discovered through subtractive clustering of input and output data, create a
Sugeno fuzzy system.

» Fuzzy C-Means (FCM) Clustering:-Using a membership function and rules built from
data clusters discovered using FCM clustering of input and output data, create a fuzzy

system.

In this research, grid partition clustering is used to create initial structure shown in Figure
4.6. Then the parameters defining the controller are determined by training the controller.
Neuro-fuzzy inference system designer application is utilized to train the controller using

generated data. The surface plot of the controller after training is shown in Figure 4.7.

Figure 4.5: Anfis controller structure
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Surface plot for PV ANFIS P&O MPPT controller
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Figure 4.6: PV system ANFIS controller surface plot
4.2.2 Wind system ANFIS MPPT controller for boost converter

In similar manner to design ANFIS MPPT controller for boost converter produces the
maximum amount of power from wind power system, system response data with discrete
time P& O MPPT controller is generated using MATLAB. The data contains the change in
wind power system output power, change in wind power system output voltage and the
corresponding duty cycle. Hence the controller has two inputs and one output, as shown on

Figure 4.8.

Change m wind generator ontput power ) wp_anfis
{
SUgeNO i)

)
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Cliange in wind genesator output voltage

Figure 4.7: High-level diagram of wind power system ANFIS controller

Each input has five gaussian membership functions. The membership function for change
in wind power system output power and wind power system output voltage are shown in

Figure 4.9 and Figure 4.10 respectively.
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Figure 4.8: Change in wind system output power membership function

Similarly grid partition clustering is used to create initial structure for wind power system

ANFIS controller the structure is same with PV system ANFIS controller shown in Figure

4.6.
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Figure 4.9: Change in wind system output voltage membership function

Then the parameters defining the controller are determined by training the controller.
Neuro-fuzzy inference system designer application is utilized to train the controller using

generated data. The surface plot of the controller after training is shown in Figure 4.11.
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Surface plot for wnd generator ANFIS PEO MPPT controller
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Figure 4.10: Wind system ANFIS controller surface

4.3 Charge Controller Selection for Simulation

The battery controller selects whether the battery will charge or discharge, and then the
output of the battery will supply the main DC-bus voltage reference (Vdc = 400 V). The
battery controller's main function is to regulate the common DC-bus voltage, which must
be controlled to remain within a stable region regardless of the variation in the battery
current. The reference voltage and reference current, which are controlled by the current
controller, must be achieved with the real voltage (Hasan et al. 2021). In essence, the
management strategy confines the DC voltage to a certain range, and battery charge and
discharge must be managed such that the DC-bus voltage does not go over or below the
predetermined upper and lower limits, Vgc.up and Vgcaw. The charge controller will also set
a limit on the battery's charging and discharging current. The common dc-bus voltage is
raised by the charging/discharging choice criterion, and the battery buck-booster operates
under the following circumstances. If Vyc> Vgc—yp, then charging until Vge= Vie—yp. If V<

Vic-m, then discharging until Vae= Vae—n. If V- < Ve < Vae—up, then rest.

A proportional-integral (P1) battery charge controller is a type of battery charge controller
that uses a proportional-integral controller to regulate the charging of a battery. The
proportional integral controller continuously monitors the battery voltage and current, and

adjusts the charging current accordingly.

The proportional-integral controller has two terms: the proportional term and the integral
term. The proportional term is proportional to the error between the battery voltage and the

desired voltage. The integral term is proportional to the integral of the error over time.
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The proportional term provides a quick response to changes in the battery voltage. The
integral term provides a long-term response to changes in the battery voltage. The
combination of the proportional and integral terms provides a smooth and efficient

charging process.

Pl battery charge controllers are a popular choice for a variety of applications, including
solar power systems, wind power systems, and backup power systems. They are also used

in some electric vehicles.
The advantages of using a Pl battery charge controller:

> Efficiency: PI battery charge controllers are very efficient, and can help to extend
the life of the battery.

» Accuracy: Pl battery charge controllers can accurately regulate the charging
current, which helps to prevent overcharging and undercharging.

> Versatility: PI battery charge controllers can be used with a variety of battery types.
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CHAPTER FIVE

SIMULATION AND RESULTS DISCUSSION

5.1 Overall Matlab/Simulink Model Description

The performance of the PV-wind hybrid power generation system for washuy village is
tested using Matlab/Simulink software. The components used in the simulation are
components selected based on the design parameters stated in chapter three. ANFIS based
P&O MPPT charge controller used for both Wind power generation system and PV system
to absorb maximum power from the systems as stated in chapter four. The overall block

diagram of the system is as shown on Figure 5.1.
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Figure 5.1: Overall Matlab/Simulink model of the hybrid system

5.1.1 Inverter Model and three phases LCL filter model

The inverter with specification in Table 3.13 has built in filter to produce pure sinusoidal
wave, but to simulate inverter in Matlab, filter design is mandatory. For this case use three
phase LCL filter.
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Figure 5.2: Three phase filter with inverter and step-up transformer Matlab/Simulink
model

The 3-phase LCL filter works by filtering out the high-frequency harmonics in the output
current of the inverter. The inductors and capacitors resonate at the switching frequency of
the inverter, and this resonance helps to suppress the harmonics. The resistors dissipate the

energy of the harmonics that are not filtered out by the inductors and capacitors.

The 3-phase LCL filter is a very effective way to suppress harmonics in the output current
of a three-phase inverter. It is also relatively easy to design and implement. Benefits of

using a 3-phase LCL filter:

» High harmonic suppression: The 3-phase LCL filter can effectively suppress
harmonics in the output current of the inverter.

» Simple design: The 3-phase LCL filter is relatively simple to design and
implement.

» Low cost: The 3-phase LCL filter is relatively low cost.

3-phase LCL filter is a good option to suppress harmonics in the output current of a three-

phase inverter.

Factors to consider when designing a 3-phase LCL filter:

» The switching frequency of the inverter.

» The desired level of harmonic suppression.
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» The cost of the filter components.

The switching frequency of the inverter is the most important factor to consider when
designing a 3-phase LCL filter. The inductors and capacitors in the filter must be resonant

at the switching frequency of the inverter in order to effectively suppress harmonics.

The desired level of harmonic suppression is also an important factor to consider. The
larger the filter, the better the harmonic suppression will be. However, the larger the filter,

the more expensive it will be.

In order to design 3-phase LCL filter active power (P,), inverter input DC voltage (Vdc),
desired frequency (f), and switching frequency (fs,). Hence for the system the output
voltage is should be 380V, with frequency of 50Hz. Taking modulation amplitude of
SPWMna= 0.9, then the inverter input DC voltage is should be

242V

PN s
“ " mav3
_2V2x220

~ Vma+3
=399.176V =400V

(5.1)

The components of LCL filter are designed as follows (Hasan et al., 2021).

_ 4|:)nominal (5 2)

C= 2
4fV,,

While the basic impedance (Zb), basic capacitance and maximum current is calculated
based on Viominal, Prominaland f.

2
Zb — Vnominal (53)
nominal
1
= 5.4
© 2xfz, G4
VP
ILmax — 3V nominal (55)

nominal

The rest of the components L1, L2 and Cf are determined using
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L =— —d 5.6
' 6fSWAI Lmax ( )
C, =0.05C, (5.7)
L,=rL, (5.8)

The change in load current is is approximated about 10% of maximum current. Value r is
the ration of L, to Ly, r it is taken to be 0.6, this gives power factor reduction of 5%. The

resonant frequency and the losses resistance Rf are calculated using

a =
resonance
L,L,C,

f — a)resonance
resonace
211
1
Rf =—
3Cf wresonance

(5.9)

(5.10)

(5.11)

Using nominal power of the load 250kW, nominal voltage of the load 220V, switching

frequency 10 KHz and equations 5.2 - 5.11, the values the components are shown in Table

5.1.

Table 5.1: LCL filter parameters and their values

Parameter values

C 0.0313F

Zs 0.1936Q

Ch 0.0164F
. 535.6870A
Al o 53.5687A

Ly 1.2445x10*H
Lo 7.467x10°H
Cr 8.2208x10*F
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0 35.1054%10rad/sec

resonance

f 812.5466H

resonance

R+ 0.0794Q

5.1.2 Battery charge controller model

The battery charge controller should manage the voltage of the battery, maximum
charging current and maximum discharge current of the battery. So, We have three PI
controllers, the first Pl controller is a voltage controller This PI controller it protect the
battery from over charging and also used to determine reference charging current and
set limit on the maximum value of charge current as well. While the second Pl is also a
voltage controller, it protect the battery voltage from going below cutoff voltage and
also used to calculate the reference discharge current and set limit on maximum discharge
current. The maximum voltage of Lead acid battery having 400 nominal terminal
voltage and 4000Ahr is 436V and the cutoff voltage is 300V. These two controllers
ensure that the battery voltage is between these two extreme values.

The third PI controller is a current controller, based on the reference charge and
discharge current from the two Pl controllers, it regulates the charge and discharge
current of the battery. The controller is coupled with PWM generator block, which
generates pulses used to regulate the voltage and current of the battery. The maximum
discharge current or charge current depend on the type of battery used for Lead-acid
battery having 400 nominal terminal voltage and 4000Ahr current rating the maximum

discharge same with current and maximum charge current, which is 1200A.

The switching condition depends on the combined power generated by power PV-modules
and Wind power generator. If the generated power is greater than the demand of
the load, the battery charging process will start, with reference charging current
determined by the first PI controller. If the generated power is less than the load demand
power, the battery will supply the load depending on the reference discharge current
determined by the second Pl controller. The Matlab/Simulink model for bi-

directional battery charge controller is shown on Figure5.3.
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Figure5.3: Bi-directional battery controller using Pl Matlab/Simulink model

5.1.3 Wind power system Matlab/Simulink model

The wind power system Matlab/Simulink is composed of wind turbine, permanent magnet
synchronous generator, full wave uncontrolled rectifier, Pl-controller based pitch
controller for the wind blades, ANFIS based P&O MPPT controller, DC-DC boost
converter and filters to smooth the output voltage of the DC-DC boost converter. The
wind power generator is selected based on the design specification in chapter three. It
generates 40kW power. The Matlab/Simulink model for wind power system and wind
turbine blade pitch controller using Pl controller are shown on Figure5.4 and

Figure5.5 respectively.
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Figure5.4:- Wind power system Matlab/Simulink model
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Figure5.5: wind turbine blade pitch controller Matlab/Simulink model

5.1.4 PV power system Matlab/Simulink model

The PV power system Matlab/Simulink is composed of PV array; ANFIS based P&O
MPPT controller, DC-DC boost converter and filters to smooth the output voltage of
the DC-DC boost converter. The number of modules, number of series connected and
parallel connected modules of the PV array are selected based on the design specification
in chapter three. It generates 302kW power at peak solar irradiation. The

Matlab/Simulink model for PV power system is shown on Figure 5.6.

Figure5.6: PV power system Matlab/Simulink model

5.2 Simulation Result Analysis and Discussion

5.2.1 Case I: The generated power is less than load power

When power demanded by the load is greater than the power generated by the PV-
wind hybrid system. If the wind speed is below rated wind speed (10m/s, for the
generator used in this research) and the solar irradiance is low, the power generated by
the hybrid system is not capable of driving the load. The power generated by the
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system at 3m/s wind speed shown on Figure 5.7 and 300W/m? solar radiance is shown

on Figure 5.8.
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Figure5.7: Wind power system outputs at 4m/s wind speed
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In this case the power must be supplied to the load by the battery. The state of charge of
the battery decrease as shown on Figure5.9.

Figure5.8: PV outputs at 300W/m? solar irradiance
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Battery S0C (%)

Figure5.9: Battery SOC for case |

The voltage of the battery decreases as shown on Figure5.10 and the discharge current of

the battery, which depends on the difference between the powers demanded by the load
and the power generated by the hybrid system is shown on Figure5.11.

Battery Valtage (V)

44444

Figure5.10: Battery output voltage for case |

Battery Current

Figure5.11: Battery output Current for case |
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The load power is almost covered by the battery, since the power generated by the system

is very small or negligible as shown in Figure 5.12.

Batery Power

Figure5.12: Battery output Power for case |
Irrespective of the power source, the load current, load voltage and load power should stay
constant. The load power considered in simulation is full load 207kW, as shown in Figure

5.13.

(W)

Figure5.13: Load power for case |

The three phase load voltage and load rms voltage are shown in Figure5.14 and Figure 5.15

respectively. The rms load voltage should be 220V, as per standard of our country.
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Figure5.15: Load rms Voltage for case |

The load current and load rms current under this case are shown on Figure5.16 and

Figure5.17 respectively. This current is supplied by the battery.
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Figure5.16: Load current for case |
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Figure5.17: Load rms current for case |

5.2.2 Case Il: The generated power is greater than load power

If the generated power by the hybrid system is greater than the load power, the battery
starts charging. The hybrid system supplies the load and charges the battery. If the wind

speed is above rated wind speed (10m/s, for the generator used in this research) and the

solar irradiance is very high, the power generated by the hybrid system is capable of
driving the load and charging the battery. The power generated by the system at 14m/s

wind speed shown onFigure5.18 and 1200W/m? solar radiance is shown on Figure5.19.
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Figure5.18: Wind power system outputs at 14m/s wind speed
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Figure5.19: PV outputs at 1200W/m? solar irradiance

The voltage of the battery increases as shown on Figure5.20 and the charging current
of the battery, which depends on the difference between the power demanded by the load
and the power generated by the hybrid system. The battery current is negative, as

shown on Figure 5.21, implying that the battery is charging.
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Figure5.20: Battery output voltage for casell
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Figure5.21: Battery output Current for casell

The hybrid system is capable of supplying the load and charging the battery under this
condition. The battery power is negative as shown in Figure 5.22, which it being
supplied by the hybrid system.
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Figure5.22: Battery output Power for case Il

The state of charge of the battery increases as shown on Figure5.23
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Figure5.23: Battery SOC for case Il

A like case | the load power, the load current and load voltage should stay constant
irrespective the power source. The load power considered in simulation is full load

207kW, like case I. The load power under this case is shown in Figure 5.24.

(W)

Figure5.24: Load power for case Il

Since the power generated by the hybrid system is not instant, the load absorbs power
from the battery at the start of the simulation, which can be inferred from Figure 5.21
and Figure 5.22.This cause overshoot at the beginning of the simulation is expected

which last for less than 0.025 sec as seen from the Figure 5.24.

The three phase load voltage and load rms voltage are shown in Figure5.25 and Figure 5.26

respectively. The rms load voltage should be 2205V, as per standard of our country.
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Figure5.26: Load rms Voltage for case Il

The load current and load rms current under this case are shown
Figure5.28 respectively. This current is supplied by the battery.
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Figure5.27: Load current for case Il
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Figure5.28: Load rms Voltage for case Il

5.2.3 Case I11- Case | and case Il combined

The wind and solar irradiation are not constant; they vary within a minute, hence testing
the performance of the modeled system under this condition is essential for validating the
model. The output and system response for wind speed shown on Figure5.29 and solar

irradiance shown on Figure5.30 is discussed in sub section.

Wined turbine wind speed input

Figure5.29: Input wind speed (m/s)
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Figure5.30: Input solar irradiance W/m?

The wind generator output power, output voltage and output current for input wind
speed on Figure 5.29 is shown on Figure 5.31.While the PV output power, output volt-

age and output current with solar irradiation on Figure 5.30 is shown on Figure 5.32.
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Figure5.31: Wind generator outputs under variable wind speed
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Figure5.32: PV outputs under variable solar irradiance

The load voltage load current and load power should still stay constant under the
variation of wind speed or solar irradiance. The load three phase voltage and the

irrespective rms values are as shown in Figures 5.33 and Figures 5.34.

Lond three phase voltage

Vedzagy (V)

Figure5.33: Three phase load voltage
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Figure 5.36: Load current under the given input
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Figure5.34: Load rms voltage under the given inputs
The variation in solar irradiance and wind speed can disturb the load voltage, as shown

on Figures 5.33 and 5.34, the voltage stays relatively constant compared to the changes

in input values.

The variation will also affect load current and load power. The load power, load
current and load current rms values for the inputs are shown in Figures5.35, 5.36 and

5.37 respectively.

W

Figure5.35: Load power under the given inputs

Load current

Figure5.37: Load rms current under the given input
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The battery should supply the load if the power generated by the hybrid system is low and
should charge if the power generated by the hybrid system is grated than the load demand
as shown on Figure 5.39.The charging current and discharge current are determined by the
difference between the power generated by the hybrid system and the load demand power.
The battery power is positive if the battery supplies the load and negative if it is charging
as shown on Figure 5.40. If the battery is charging the voltage increases, it the battery is
supplying the load the voltage decreases as shown on Figure5.40.

ﬂ:/\_/ X
r/ i \

£ oF i

Battery power

Figure5.38: Battery power under the given inputs

Figure5.39: Battery voltage under the given inputs

In same way the battery’s state of change (SOC) increase if the battery is charging and
it decreases if the battery is discharging. Since the battery capacity is large and
simulation time is very small compared to the batteries days of autonomy, the change

in SOC is not big. However there is still change in the battery’s SOC as shown on
Figure 5.41.
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION

6.1 Conclusion

The PV Wind hybrid system MATLAB/Simulink simulation results show that the sys-
tem can provide a reliable and consistent supply of power under a variety of
conditions. The system’s performance is affected by the solar irradiance and wind
speed, but the battery storage system helps to smooth out the output of the system and

provide power when the solar and wind resources are not available.

The simulation result shows that the solar irradiance and wind speed have a direct impact
on the load power, load voltage, and load current. As the solar irradiance and wind speed
increase, the load power, load voltage, and load current will also increase. This is because
the solar panels and wind turbines will generate more power as the solar irradiance and
wind speed increase. The battery storage system counter the effects of solar irradiance and
wind speed on the load power, load voltage, and load current by storing excess power
when the solar irradiance and wind speed are high and then releasing that power when the
solar irradiance and wind speed are low. This helps to ensure that the load power, load

voltage, and load current are always consistent.

6.2 Recommendation

» Temperature and pressure have an impact on both wind and solar resources, but
they are not taken into account in this study's component efficiency; therefore,
future research could take these two factors into account.

» Since the survey didn't cover all communities, it only concentrated on one village in
Amhara region. Therefore, the next researcher needs to extend this work to
additional places in different regions, zones, and districts.

» The high initial capital cost of hybrid energy systems is one of their main barriers to
use. As a result, governmental and non-governmental organizations should provide

funding to inspire and boost the rural community's enthusiasm in using electricity.
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Appendix

System Architecture

Component Name Size Unit
PV _ Generic fat plate PV | 272 kW
| Storage _ Generic 100kWh Li-Ion 25 __strings
| Wind turbine | Generic 20 kW | 20 | ea,

Growatt 300Kw Hybrid Solar
| System converter _Inverter 9,999,999 kW
 Dispatch strategy | HOMER Cycle Charging |
Schematic
AC DC

Electric Load #1

G0, k.4
A o
h 84322 kWh/d -
138.87 £W peak
nverter 100U

— | —-EB

Net Present Costs

Replacement Resource
Generic
100kWh
U-Ton $490,000 $323,188 $207,894 -$39,128 $0.00 $981,954
Generic 20 }
kW | $60,000 $129,275 $19,128 -$10,780 $0.00 | $197,624
Generic flat
plate PV $817,497 $35,227 $0.00 $0.00 $0.00 $852,724
System | $1.37M | $487,690 | $227,023 | -$49,908 | $0.00 | $2.03M
Annualized Costs
Operating Replacement Resource
Generic
100kWh
(Li-Ton $37,904 $25,000 $16,082 -$3,027 $0.00 $75.958 {
Generic 20 ‘
kw $4,641 $10,000 | $1,480 -$833.89 | $0.00 $15,287
Generic fiat
_plate PV 1 $63,237 1$2,725.  $0.00 1$0.00 | $0.00 | $65,962
System | 105,782 | $37,725 | $17,561 | -$3,861 | $0.00 | $157,207
GLOSSARY
Acronym Full name Unic Type of use
DIF Diffuse horizontal irradiauon KWh/m? M}ym? Average yearly, monthly or daily sum of diffuse horzonml irradiation (©
2021 Solargis)
DNI Direct normal irradiation KWh/m? MJyim? Average yearly, monthly or daily sum of direct normal irradiadion (© 2021
Solargis)
ELE Terrain elevation m, ft Elevation of terrain surface above/below sea level, processed and
integrated from SRTM-3 data and related dam products (SRTM v4.| ©
2004 - 2021, CGIAR-CSI)
GHI Global horizontal irradiation kWh/m?, MJm? Average annual, monthly or daily sum of global horzonral irradadon (&
2021 Solargis)
GTI Global tilted irradiation KWh/m? MJyim? Average annual, monthly or daily sum of global tilted irradiadon (® 2021
Solargis)
GTl_opur Global tilted Irradiation at optimum angle kWhi/m? M}y/m? Average annual, monthly or daily sum of global tilted irradiation for PV
modules fix-mounted at optimum angle (@ 2021 Solargis)
OPTA Optimum tl of PV modules * Optimum tlt of fix-mounted PV modules facing towards Equator set for
maximizing GT| input (& 2021 Solargis)
PVOUT_total Total photovoltaic power output KWh, MWh, GWh Yearly and monthly average values of photovoltaic electricity (AC)
delivered by the toual installed capacity of a PV system (@ 2021 Solargis)
PVOUT_specific Specific photovoltaic power output kWh/kWp Yearly and monthly average values of photovoltaic electricity (AC)
delivered by a PV system and normalized to | kWp of installed capacity
(® 2021 Solargis)
TEMP Atr temperature €L Average yearly, monthly and daily air temperature at 2 m above ground
Calculated from outputs of ERAS model (@ 2021 ECMWF, post-processed
by Solargis)
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Quantity Value

Units
Excess Electricity 236,491 kWh/yr
Unmet Electric Load 250 kWh/yr
Capacity Shortage 307 kWh/yr
Excess and Unmet
Production Summary
Component Production (kWh/yr) Percent
Generic flat plate PV 502,082 88.1
Generic 20 kW 67,936 11.9
Total 570,018 100
Consumption Summary
Component Consumption (kWh/yr) Percent
AC Primary Load 307,526 100
DC Primary Load 0 0
Generic flat plate PV Electrical Summary
Quantity Value Units
Minimum Output 0 kW
Maximum Output 262 kW
PV Penetration 163 %
Hours of Operation 4,455 hrs/yr
Levelized Cost 0.131 S/kWh
Generic flat plate PV Statistics
Quantity Value Units
Rated Capacity 272 kW
Mean Output 57.3 kw
Mean Output 1,376 kWh/d
Capacity Factor 21.0 %
Total Production 502,082 kWh/yr

Sources of data are:

(Goo, 2023) Google earth washuy village map.
(Glo, 2023) Wahuy village solar and wind potential, global solar and wind atlas.

(Alibaba, 2023a). Fk-40 wind turbine generator.
(Alibaba, 2023b) Alibaba (2023b). Mk800-4t 250kw inverter.

(Alibaba, 2023c) Alibaba (2023c). Sdc480v charge controller.

Generic 20 kW Electrical Summary

Minimum Output 0 kW
Maximum Output 198 kW
Wind Penetration 22.1 %
Hours of Operation 5,109 hrs/yr
Levelized Cost 0.225 S/kWh
Capacity Factor 3.88 %
Total Production 67,936 kWh/yr
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Generic 100kWh Li-lon Result Data

Quantity Value Units
/Average Energy Cost 0 S/kWh
Energy In 124,365 kWh/yr
Energy Out 112,109 kWh/yr
Storage Depletion 191 kWh/yr
Losses 12,446 kWh/yr
/Annual Throughput 118,174 kWh/yr
Generic 100kWh Li-lon Statistics
Quantity Value Units
/Autonomy 56.9 hr
Storage Wear Cost 0.0689 S/kWh
Nominal Capacity 2,500 kWh
Usable Nominal Capacity 2,000 kWh
Lifetime Throughput 1,772,604 kWh
Expected Life 15.0 yr

Growatt 300Kw Hybrid Solar Inverter Electrical Summary

Quantity Value Units
Hours of Operation 7,669 hrs/yr
Energy Out 255,363 kWh/yr
Energy In 268,803 kWh/yr
Losses 13,440 kWh/yr

Growatt 300Kw Hybrid Solar Inverter Statistics

Quantity Value Units
Capacity 9,999,999 kW
Mean Output 29.2 kW
Minimum Output 0 kW
Maximum Output 137 kW
Capacity Factor 0.000292 %
Capacity-basedmetrics Value Unit
Nominal renewable capacity divided by total nominal capacity 100 %
Usable renewable capacity divided by total capacity 100 %
Energy-basedmetrics Value  Unit
Total renewable production divided by load 185 %
Total renewable production divided by generation 100 %
One minus total nonrenewable production divided by load 100 %
Peakvalues Value  Unit
Renewable output divided by load (HOMER standard) 9,208 %
Renewable output divided by total generation 100 %
One minus nonrenewable output divided by total load 100 %
A% 4B " VeV oY ey NC @ v Nt epitl ¢

4 P 234 32 27 9,999,999 $2.11M $1.33M

L g W o 20 25 9,999,999 $2.03M $1.37M

-

(o)
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