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ABSTRACT

Numerous countries worldwide are conscious about the fact that the past and current
trends of energy system are not sustainable and a solution needs to be drawn to
protect the world energy from a drastic falling. One of the sources that can replace
the current trend is surely wind energy that momentously depends on the availability
of the wind resource. For a typical horizontal axis wind turbine to run and generate
power, a wind speed of at least 5 m/s is required. Countries like Malaysia have less
than 5m/s average wind speed. Another predicament is that these regions face
unsteady multi-directional winds making HAWT totally incompatible in such areas.
The vertical axis wind turbine on the other hand is appropriate for such regions due
to its ability to capture wind energy at any direction. Also, the use of Neodymium
magnets for suspension at the bottom surface assist attaining nearly zero friction
(Maglev), could be of help improving the output efficiency. Conventional generators
now-a-days have been replaced with Permanent Magnet Synchronous Generator
(PMSG). Although a number of researches in the area of VAWT and PMSG are carried
through separately, few attempts were taken to build a system that work efficiently
at low wind speed. Moreover, there is another gap in research for an off-grid

standalone energy harvesting device incorporated with low wind Maglev VAWT.

This thesis provides a platform for a novel innovative approach towards an off-grid
energy harvesting system (EHS) for Maglev VAWT. This EHS basically a Supercapacitor
based hybrid battery charging energy harvesting device. Rural areas in countries like
Malaysia where grid connection is not always available, this standalone system there

can make a difference for small scale electronic devices. In this thesis, a complete



simulation analysis is done for all 3 types of PMSG connected to VAWT and result was
compared. This novel comparison showed that 5-phase is a better performer both in
high and low speed comparing with 3-phase and dual stator. Moreover, although at
high speed dual stator provides better power efficiency than 3-phase, at low wind,
output power performance in 3-phase surpasses that of dual stator. At low wind, even
though 5-phase PMSG shows better performance in low wind speed, 3-Phase PMSG
was chosen for low maintenance cost, light weight and less complicated design. With
the variation of design parameters under low wind speeds, two configurations were
optimized for rural Malaysia in terms of low speed, high power and output torque.
First configuration was a 1.5KW 220V 20 Pole AFPMSG adopted to a Maglev based
VAWT having radius and height of 1m and 2.6m respectively. The other configuration
presents a 200W 12V 16 Pole AFPMSG attached to Maglev VAWT of 14.5cm radius
and 60cm of height. Later weight to Power Ratio is applied subsequently and the
second configuration has been proved to be more cost-effective. The proposed system
was also compared with existing models in rural Malaysia for cost-efficiency. A
prototype version of the low cost optimized system is built up in lab for open circuit
performance and with satisfactory findings, design is sent for fabrication. Upon arrival,
the optimized system is implemented into the energy harvesting circuit and field
testing is carried to observe the performance. The energy harvesting circuit shows
better efficiency in charging battery in all aspects comparing to direct charging of
battery regardless of with or without converter. Sufficient groundwork and results
have been laid out in this thesis to deliver the necessary development and framework
for further improvements. Based on analysis and results carried out in this thesis, all

feasibility studies and information are provided for the next barrier.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

We are breathing in an era that is currently facing several threats in terms of energy
security. It is a known fact that sooner or later our non-renewable energy sources are
going to be depleted; which are the earth minerals and fossil fuels (coal, petroleum
and natural gas) [1]. We can sense the obvious consequence of this change that drives
us towards the renewable energy options. According to the executive summary of
Global Status Report of 2015 by Renewable Energy Policy Network, Renewable
energy, dominated by wind, solar and hydro power, takes around 58.5% of net
additions to global power capacity in 2014, with noteworthy increase in all regions [2].
Figure 1.1 gives an idea about the total wind power capacity from 2004 to 2014. As it
can be seen, wind energy produces 370GW out of 657 GW of total renewable power
at the end of 2014 which is 56% of the total renewable power excluding hydro energy.
Figure 1.1 also illustrates that total wind energy capacity in the world has increased

from 318 GW (end of 2013) to 370 GW (end of 2014) which indicates a momentous

boost of 16%.
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Figure 1.1: Wind Global Power Capacity from 2004 to 2014
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Wind energy is emerging in different number of locations, and new markets continued
to expand in Africa, Asia, and Latin America [3]. Asia captured the largest market of
wind power for the last few years. A noteworthy increase in wind power global
capacity can be marked each year and predominantly for the last year, 51GW was
added making the total of the wind power to be 370GW.

Since wind global power capacity has been increasing each year significantly, plentiful
researches in the field of wind energy harvesting have been conducted frequently.
However, many of the current options have their own limitations such as require
wider area to install, difficult to implement in rural area, high costing, real time
maintenance and so on. Apart from solar power, batteries are often used in replace
of energy sources when electric grids are not available. Despite batteries being small
and easily used, batteries are impractical due to their short cycle life, low power
density and it tends to degrade at low temperature [4, 5].

Therefore, there is a need of an alternative way to harvest energy where it is easily
accessible and available most of the time. This brings up the idea and interest of
harvest energy through Super Capacitor based hybrid system. Current environment
demand to have small, autonomous and energy harvesting in wind power for off grid

system.

Areas found around the equatorial regions tend to have low wind speeds. For
example, Malaysia currently has an average wind speed of 2-3 m/s, with higher wind
velocity in the east coast of west Malaysia [6]. For a typical horizontal axis wind turbine
to run and generate power, a wind speed of at least 5 m/s is required [7]. A speed that

is less than 5 m/s is not sufficient to turn the turbine. Another predicament is that



these regions face unsteady multi-directional winds making HAWT totally
incompatible in such areas. In contrast, vertical axis wind turbine (VAWT) is capable of
rotating at low wind speed and capturing wind from various directions, making it more
suitable to be implemented in Malaysia. Another major advantage of VAWT is that it
can be installed closely together in a position so that each turbine counter rotates with
respect to each other. This causes the turbine to rotate in the same direction, resulting

in better wind flow hence improving overall turbine performance [8].

Also, the use neodymium magnets for suspension at the bottom surface assist
attaining less friction, which helps counter the low wind speed problem [7].
Conventional generators can be replaced with Permanent Magnet Synchronous
Generator (PMSG) using multi- pole stator arrangement. The multi-pole stator
arrangement can be configured to generate high voltage at low revolution, and high
current at faster speeds. The stator is designed to produce negligible cogging torque
therefore causing the generator to start up and cut-in at low speeds to produce high
current [9]. One significant advantage of PMSG is that it is much lighter, smaller in size,
and uses less constructional material so lowering cost and hub size [7-9].

Presently, wind turbines with Permanent Magnet Synchronous Generator (PMSG) are
getting popular in the industry for being able to attain maximum power output along
with reduction in the overall size of the wind turbine [10-11]. It is also lightweight,
robust, does not require external dc excitation and has a high current to torque ratio
[12-15]. Besides, PMSG has been drawing attention over the years for its gearless
construction hence eliminates the possibility of having moving contacts which leads

to higher efficiency reducing operation and maintenance costs [16-17].



Coming back to VAWT which is eligible to handle low wind speed, an innovative
method of designing it is to implement magnetic levitation (Maglev) [18-19].
Developing a wind turbine by replacing the conventional mechanical bearing with
maglev has become an eye opener for its ability to eliminate mechanical friction
between the rotor and stator [18-19]. Marc T. Thompson showed in his work at 2009
that bearing could be replaced with Magnetic Levitation [19]. He also stated in his IEEE
paper that using Neodymium magnets, the blades would be attached to the
generators in a frictionless motion [20]. Another few advantages of maglev is high
efficiency, no noise pollution, low maintenance, small in size and reduced power loss
[19-21]. In the year of 2012, Nirav Patel from Lakehead University, Canada and M.
Nasir Uddin described in their work that use of axial flux permanent magnet (AFPM)
generator with dual rotor incorporated with maglev increases the efficiency of the
Savonius VAWT [22]. This design has proven to greatly reduce the friction between
rotor and stator, thus cutting down on maintenance cost and improving life span.
Another research by Liu S, Bian Z, Li D and Zhao W referred in [19] successfully reduces
the damping of VAWT using maglev design resulting in stable rotation with low wind
speed. Further study still needs to be done to develop maglev wind turbine for
commercial use.

In order for wind turbines to achieve low wind speed with high efficiency, there is still
lack of research being done on the effects of combining both maglev VAWT and PMSG
systems together for off-grid system. This thesis finds the lacking of research in the
wind power energy in low speed that works for energy harvesting for off-grid system.
Our study brings the supercapacitor based hybrid energy harvesting for first time into

the off-grid low wind power application. As stated before, Malaysia has low wind


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Marc%20T.%20Thompson.QT.&newsearch=true

speed due to its geographical location. Moreover, implementing wind power and
connecting it to grid system is not possible for most of the rural areas in Malaysia. But,
the use of electronics and battery charging devices have never been in demand but
now. A need of an alternative way to harvest energy, therefore, is required where it is
easily accessible and available. Thus, these places require an off-grid energy
harvesting turbine being able to work in low wind. Yet again, the batteries cannot be
charged directly through the turbine as low wind turbines would not be able to
generate sufficient amount of voltage to charge up a battery. In addition, a constant
voltage source is required for battery charging which is not possible for varying wind
speed. This brings up the idea and interest of harvest energy through Super Capacitor
based hybrid system for low voltage output turbines. Having compared
Supercapacitors with conventional capacitors, Supercapacitors have huge value of

capacitance and thus having higher energy density.

Anin depth investigation of the problem, proposed solution and implementation were
carried through on a step by step analysis. A thorough study on Vertical Axis Wind
Turbine connected to a Maglev Permanent Magnet Synchronous Generator in low
wind speed for energy harvesting has been conducted in the thesis. A novel Maglev
Vertical Axis Wind Turbine adopted in Permanent Magnet Synchronous generator was
put through in experiment. Simulation was performed followed by lab prototype
investigation. Next part was the fabrication which was then put in the field for testing
for different wind parameters. Finally, energy harvesting circuit was brought into the

experiment and efficiency was tested.



1.2 Problem Statement

Malaysia has low wind speeds due to its geographical location, and its dense urban
areas. Malaysia averages wind speeds of 2-3m/s, which is not favourable to wind
power technology. Horizontal axis has dominated large scale wind turbines
throughout the world predominantly but it operates at 5m/s and above, which does
not work for Malaysian wind conditions. As conventional energy sources are
depleting, it is vital to source for alternative power generating method. Factoring in
the rapid development of electronic devices with increasing complexity, the desire for
power has never been higher as consumers spend more time on their devices but are
often constrained by limited battery charge. Moreover, no off-grid wind energy
harvesting device has yet been implemented for low wind speed. There are many rural
areas in countries like Malaysia where electricity cannot reach to mass people in each
and every aspect of life. Implementing wind power and connecting it to grid system
are not possible for most of the places. Therefore, places like those require an off-grid
energy harvesting turbine system under ambient conditions that work well in low wind
speed. There has been a lack of research in the field of wind turbine when it comes to
low wind off-grid standalone system. In addition, energy harvesting through off-grid
low wind turbine system has yet been practically implemented. There has been a
significant gap in ‘energy harvesting’, ‘off-grid VAWT system’ and ‘low wind speed’ in
terms of research being made for bringing them together. Countries like Malaysia
demand to have standalone system charge up their devices or use small scale
electronic device in a greener way while industrial sectors can diversify their energy

options and be less dependent on a single energy source for their equipment.



1.3 Research Objective

1. Simulation and performance analysis of Vertical Axis Wind Turbine in low wind
speed, to investigate the effect of different design parameters on turbine

mechanical torque and power.

2. Simulation and performance analysis of different types of Axial Flux Permanent

Magnet Synchronous Generator for low wind Vertical Axis Turbine.

3. To design a cost-effective, optimized Maglev based VAWT system adopted to

a 3-Phase Axial Flux PMSG for Rural Malaysia.

4. Evaluation of the developed system and comparison of it with current existing
models in rural Malaysia in terms of cost analysis.

5. To come up with an efficient, off-grid energy harvesting hybrid system by using
battery and Supercapacitor bank for a low voltage Maglev based VAWT that

can perform well in low wind speed.

1.4 Research Scope

Recent revolutionary advances in technology are creating better future for countries
with low wind speeds like Malaysia and also changing the face in wind technology. The
most significant technological advancement is the use of magnetic levitation (Maglev)
in Vertical Axis Wind Turbine (VAWT) wind turbine. Using very powerful neodymium
magnets, the VAWT can be levitated without the use of bearing, reducing frictional
losses and lower start up speed. This type of turbine is expected to produce power at
speed as low as 2-3m/s. Also, powerful Permanent Magnet (PM) generators can be

used that can produce high power output, and no attractive force in the machines



makes it turn at low wind speeds. Together with PM generators and direct drive
coupling, there is no need for bearing and gears hence possibly it will be reducing
power loss in the system making it turn at low wind speed. The blade can be designed
to maximise the wind capture ability. With this VAWT, more power can be produced
at lower cost than horizontal wind turbines, and more importantly it requires less
space when compared to its equivalency in solar power. Incorporating this technology,
VAWT can be installed in building rooftops and tower and can be ideal for low wind
speed urban countries like Malaysia so reducing the burden on fossil fuels. Last but
not the least, implementing a hybrid energy harvesting system into VAWT, rather a
load powered by battery, will surely bring a change in off-grid low speed wind power

sector.

The motivation for this thesis is to incorporate a novel design of a small vertical axis
wind turbine (VAWT) to provide power source to charge batteries for energy storage.
This design of VAWT uses magnetic levitation concept, making it gearless and
lightweight which result in significant reduction in friction and start-up wind speed.
The charges generated are desired to be stored in a lead acid battery. The charges
generated from the turbine are not constant because it depends highly on the wind
speed. Therefore, Supercapacitor bank followed by a boost converter can be used to
provide a constant current supply to charge the battery through discharging the
Supercapacitor; thereby, able to lengthen the life cycle of the battery. Since
Supercapacitors are able to hold charges for a long time, hence it will not deplete its

charges comparing to normal capacitors. A comparison could be shown between



direct charging and through Supercapacitor Bank in terms of efficiency and the result

should be discussed further.

A control system using Arduino would be implemented to control the charging and
discharging circuit so that the system is able to perform efficiently. On top of that,
DAQ could be used that would interface with laptop through LabVIEW based GUI for
data acquisition. This system would be built in such a way so that it could be used in
almost any place having a wind speed as low as 3-4 m/s. For instance, it can be
installed on the rooftop houses to produce own energy to power up small electronic
devices. This greatly will help to reduce the utility cost. In addition to that, this concept
is able to provide a better quality of life for people in rural areas where electricity
generation is still a big concern. East Malaysia, having a higher average wind speed,
particularly is more suitable to have a wind farm. Hence, it has better chance to
produce even more electricity. Implementing an off-grid energy harvesting system for
low wind speed countries like Malaysia would certainly open the door of ample
opportunities. Wind energy is no doubt a reliable alternative source of energy in

Malaysia and it can help to conserve the environment for future generations.

The entire research has mildly been affected by few factors. There were few
limitations of the developed system. Due to budget and time constrain, Finite Element
Analysis of turbine blades and Computational Fluid Dynamics for magnet positioning
could not be implemented. In addition, vibration test using CFD was also not
implemented due to the same reason. Therefore, the simulation scale was limited to

Simulink only.



1.5 Research Overview
Diagram 1.2 shows the overall system flowchart summarising most of the concepts

discussed in the previous sections.

VAWT PMSG Maglev VAWT
_ Matlab Simulink — Design and Simulation of adopted in PMSG
- Low Wind Speed PMSG for 3-Phase, 5- —  Simulation, Design,
- Low rotational speed Phase and Dual Stator Fabrication and Field
_ Tur.bine height, PMSG for VAWT Testing
radius

—  Cost-effectiveness

High Speed DAQ Automated Control
Energy Harvesting with Lab View System
—  Supercap Based —  Current and Voltage —  Power Diode
Hybrid Energy Transducer, Rotary —  MOSFET switching
Storage Encoder, Voltage and — Boost Converter
Power Readings in —  Arduino Mega
different RPM and
Wind speeds

Low Cost Analysis in Reference to
Rural Malaysia

—  Research on Existing Models, Cost analysis
of Entire Set-up

—  Comparison between Developed System
and existing model available in Rural
Malaysia

Figure 1.2: Block Diagram of overall system

In this research, a complete simulation analysis is done for VAWT under different
parameter configurations. Subsequently, modelling was done for 3 types of Axial Flux
PMSG. After comparing the simulation result, 3 phase PMSG was chosen for the
system. Next, VAWT was connected with 3-Phase PMSG and the entire system was
modelled in Simulink. With the variation of design parameters under low wind speeds,
two configurations were optimized in terms of low speed, high power and output

torque. A prototype version of the low cost optimized system was built up in lab for

10



open circuit performance and with satisfactory findings, design is sent for fabrication.
Upon arrival, the optimized system is implemented into the energy harvesting circuit
and field testing is carried to observe the performance. Lastly, the developed system
was compared with the existing models in respect to rural Malaysia and the novel

outcomes of our stand alone system was discussed.

1.6 Thesis Contribution

Previous work in the field of ‘PMSG adopted Maglev VAWT’ and ‘energy harvesting’
was mostly carried out on separate field. Only a few studies concentrated to make an
attempt to build a system together that work more efficiently at low wind speed. This
thesis fills up the gap in research for an off-grid standalone energy harvesting device
incorporated with 3-Phase PMSG adopted to Maglev VAWT that can perform in low
speed. Simulation was carried out for VAWT at first, followed by the adaptation of 3-
Phase PMSG into the system. This includes a dq axis reference frame modelling by
Park Transformation for 3-phase, 5-phase and Dual Stator PMSG in VAWT platform.
Comparison of 3 types Axial Flux PMSG in VAWT platform has not been previously
performed. The optimization section takes 2 configurations in which ‘Weight to Power
Ratio’ is applied to find out the relative cost-efficient configuration. Again, not many

cases have applied this technique in wind power energy.

A full phase complete system analysis was made, starting from optimization of the
design, cost-efficiency calculation, followed by a laboratory prototype design before

sending the simulation design for fabrication. Very few cases in wind history dealt with

11



such full scale experiment for off-grid VAWT system. If energy harvesting is brought
into the system, no case will be found to have such set-up for low wind speed. Hence,
not only this thesis proposes a novel idea of bringing the three different fields together
namely “Low speed Maglev VAWT”, “3types of Axial Flux PMSG” and “Low Voltage
Supercab based energy harvesting device” but also it gives an optimized performance
for better charging efficiency. A novel optimized Maglev based VAWT for rural
Malaysia has been proposed in this research together with an innovative
Supercapacitor based battery charging circuit. This novel standalone system has
specially been designed to work under low wind speed and this idea has not yet been
implemented. It has a promising aspect in low wind countries like Malaysia. Last but
not the least, this sets the stage for future improvements to the developed techniques
and also serves as catalyst for future research in the area of wind power and energy

harvesting technology.

1.7 Thesis Organization

Chapter 2: Literature Review — This chapter reviews some of the related work in the
area of wind energy, power generation and energy harvesting together with few
definitions of the related terms and functions of the equipment used in this thesis.
Chapter 3: Methodology — This chapter is divided by 6 parts. 15 two parts present the
simulation analysis, followed by the optimization of the system. 4™ part deals with
cost-efficiency whereas the next part presents prototype version of optimized system.
Lastly, in part 6, the turbine is implemented into energy harvesting circuit.

Chapter 4: Results and Discussion — The results of the hardware implementation are

stated as well as simulations of various experimental setups. Discussions on each set
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of results are also provided here. Comparison between different setups have also
been given. This part also consists of 6 parts synchronized with the methodology
chapter.

Chapter 5: Conclusion and future work — Conclusion is presented here in which major
accomplishments and achievements of research objectives are summarised. The

possibilities for future work and improvements to be carried out will also be discussed.
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Chapter 2

Literature Review

This chapter reviews some of the most important literature that has been done on
particular areas covered in this thesis. The emphasis is placed on reviewing literature
in wind power history, types of wind turbine, generator and it’s classes associated with
various wind turbines, energy harvesting circuits and power electronics with their
definitions and functions those are made use in this thesis. Furthermore, turbine
classification, history behind it, types of generator used in wind technology are also

brought to attention focusing on the trend.

The main idea of this section is to get the overview of the gradual development
towards wind power technology that has happened in a step by step process. At the
same times, all the research that have been carried through in recent years along with
the novel published ideas as journals, articles have been reviewed in brief in a
sequential manner. This chapter tries to give a clear idea on the preliminary stage of
wind energy followed by its gradual progress and perfection together with the latest

innovation and research work carried by the scientists and engineers.

2.1. Wind Turbine Classes with an Emphasize on VAWT

Wind turbines mainly are of two types which are horizontal axis wind turbine (HAWT)
and vertical axis wind turbine (VAWT) (Figure 2.1). For low wind speed area and places

where wind direction change frequently, VAWT is favoured. This section describes the
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turbine types and classes, advantages and disadvantages of each class and focus of
the thesis in accordance with its objectives.

Is it important to note that since no FEA (Finite Element analysis) of the blade, CFD
(computational fluid dynamics) and no other aero-dynamical analysis have been done
in this thesis, therefore, the aerodynamics of the lift based Vertical Axis Wind Turbine
together with the other types of VAWT are not explained in details in this thesis for

the simplicity.

Wind Turbine

Types

HAWT

: : H Type or

Figure 2.1: Block Diagram- Wind Turbine Classes

2.1.1. HAWT
The Horizontal axis wind turbine has its rotor’s axis of rotation parallel to the ground
(Figure 2.2). They are generally used as commercial grid-connected wind turbines.
They are mostly made of three or two blades that designed to catch energy from the
wind. The blade aerofoil is designed in a way such that a higher pressure point is
generated at the lower side of the blade as the wind passes over it. The difference in
pressure between the upper and lower sides of the blade results in an aerodynamic

lift. And because the blades are restricted to a centre point, the aerodynamic lift
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results in a rotary movement about the horizontal axis [23-25]. The main advantages
are high generating capacity, better efficiency, versatile control system such as yaw
mechanism and variable pitch blade capacity. There are also disadvantages such as
requiring tall tower to capture large amount of wind energy, consistent noise, killing
of birds and so on. It also needs higher maintenance due to its interference with radio,
TV transmission and radar [52]. Also for low and multi directional wind, HAWT is not

capable of producing power for low and multi directional wind areas [23-25].

¥
l- Rator
|| Blade
Gaarbax
| | Ganaralar
Fotor ~Macslla
Diameter

| o Tower

i

Haorizontal Axis

Figure 2.2: HAWT [25]

2.1.2. VAWT
The vertical axis wind turbine (VAWT) rotates around vertical axis perpendicular to the
ground. Figure 2.3 is a typical VAWT that shows its components. It can be with
(Variable gear) or without gearbox (fixed gear). The control system and the generator
generally installed at the base of the turbine. In turbulent conditions with gusty winds
(rapid changes in wind direction) in urban environments, VAWT will generate more

electricity despite its lower efficiency. Also, the VAWT is designed to operate near the
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ground where wind power is lower and produce drag on the blades as they rotate. In

short, the VAWT is good for a low-wind turbulent environment [31].

Rotor Diameter

Vertical
- Axis

Rotor
1 +"EBlades

I

|

! Vertical
| Turbine
| H

|

+——Support Tower
Gearbox
Generator

Figure 2.3: Configuration of a typical VAWT
2.1.2.1. Darrieus Turbine
The Darrieus wind turbines as shown in Figure 2.4 are lift-type which was invented by
a French engineer, Georges Darrieus. Curve-bladed Darrieus turbines are better in
performance because of their lower bending stress compared to a straight bladed
Darrieus turbine. However, straight blades are preferable due to its simplicity in design

[26-27].

Lift force

How the Darrieus
wind turbine works

Lift force

! Resultant airflow (red arrow) forms positive
1 angle of attack to wing

Airspeed due to rotation (a)
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Figure 2.4: Darrieus Turbine-a: Lift Based Turbine; b: 2-bladed Darrieus; c: 3-bladed

Darrieus; d: forces that act on turbine [26-30]

The original version of the Darrieus design indicates symmetrical arrangement of
aerofoils that has zero rigging angle. Rigging angle is the set-up angle of the aerofoil
relative to the structure on which they are mounted. In VAWT, arrangement is equally
effective regardless of multi wind direction [29]. When the Darrieus rotor is spinning,
the aerofoils are moving forward through the air in a circular path. This creates an
airflow relative to the blade. This airflow is added- to the wind vector wise resulting a
varying small positive angle of attack to the blade. As the aerofoils are arranged
symmetrically and the rigging angle is zero, despite of the change in angle of attack

due to the movement of aerofoil, generated force is still obliquely in the direction of
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rotation. The energy arising from the torque and speed of the turbine are generally
extracted from an electrical generator which can be of few kinds. The Darrieus design

uses much more expensive material in blades and it is not self- starting. [26-29]

2.1.2.2. Savonius Turbine

The Savonius wind turbine was invented by a Finnish engineer, Sigurd Savonius (Figure
2.5). This drag-type turbine is said to have the simplest design among all VAWT where
the blade looks like an “S” shape or a scoop. The wind that blows at the outer scoop
of the blade causes the drag from the inner scoop to increase which eventually
produces more torque and lower cut-in speed. It helps the turbine to start rotating
with low wind speed. Thus, the Savonius turbine, even though having a lower
efficiency compared to Darrieus, is preferred compared to Darrieus due to its ability
to self-start, its high starting torque, low operating speed and low maintenance [22]
[26]. Savonius vertical-axis machines are good at pumping water and similar kind of
work but are not generally used for grid connection. It can also be used for other high

torque, low rpm applications [30] [32].
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Figure 2.5: Savonius Turbine (a, b), structure (c, f), aerodynamics (d, e, g) [22]

The H-Darrieus turbine is also addressed as Giromill. It is an enhanced design of the
Darrieus rotor that offers higher efficiency. The Giromill is designed to be self-
controlling in all wind speeds [28] [31]. Another advantage is that it can reach its

optimal rotational speed, shortly after the cut-in-wind speed [33-34]. Figure 2.6 is the

[26](30][32]

2.1.2.3.H Type and Hybrid
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example of H-Darrieus rotor turbine. The Giromill could have been ideal in large-scale
electricity production but due to its earlier design failures and lower blade efficiency,

not enough researches have been made to develop the turbine further.

Figure 2.6: H Type VAWT Figure 2.7: Hybrid VAWT

Hybrid VAWTSs are the subtypes of VAWT which have been designed over the years. In
order to diminish the limitations of each type of VAWT, new turbine have been
implemented on the basis of the previous designs. Figure 2.7 is the example of Hybrid
VAWT. As it can be seen, the design has adopted both the Darrieus and Savonius’s
concept. In the current market, this hybrid combination of Darrieus and Savonius have
gathered much popularities. They have features including self-starting, low wind level
and multi-directional [27].

2.2. 21°% Century and Present Situation

Although there are a lot of activities going on towards the offshore wind energy, the
development process was still very slow. But from the beginning of 215 century, the
offshore deep blue wind technology has gained new inspiration. From the starting of
215t century, within 6 years of time, 21 offshore plants had been built in different
countries namely Denmark, Sweden, Ireland, Germany and Netherlands [35]. By the

end of 2006, installed capacity of offshore project in the entire world reached 798.2
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MW [33]. Around time there were couple of famous projects which have to be
mentioned- East China Bridge in Shanghai generating electricity of around 100MW,
Shanghai Fengxian Nanhui Offshore Wind Power and Cixi Wind Power at sea in
Zhejiang. European countries, America and other countries such as China also have
been progressing firmly. China had constructed 59 wind farms by 2005 including 1883
turbine generator. They produced 1266 MW of Power in 2005 making sure to be one

of the top 10 global wind energy producers [36].

In the year of 2009, |. Paraschivoiu, O. Trifu and F. Saeed had done some more works
on H- Darrieus Wind Turbine. Later their work was published in the ‘International
Journal of Rotating Machinery” in the year of 2009. They proposed a method of
calculating the optimal variation of the pitch angle of the blade of the turbine which
would increase the torque speed at its maximum level at some rated conditions. The
prototype was built having a rated power of 7KW. A specific code (CAARDAAV) was
used with an optimizer which was based on genetic algorithm in order to get the
optimal variation of the pitch angle of the straight bladed turbine. A range of pitch
variation was optimized in a low wind case and an overall gain of around 30% was

achieved in the annual production of energy [37].

In 2010, Ming-Hung Hsu came up with a solution for the dynamic problems related to
the blades of the wind turbines. His solution dealt with radial basis function. The
concept was that the dynamic problems could be represented by partial differential
equations which he transformed into discrete eigenvalue matrix in his work. After

running the simulation, the result achieved from the transferred matrix was that the
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blade shaft speed controlled the 1% frequency of the wind turbine whereas this

rotational speed could not able to vary the 2"9, 3 or 4t frequency of the blade [38].

S.Eriksson, H. Bernhoff and M. Leijon from Sweden published their work in “Advance
in Power Electronics” in August, 2011 on a unique Direct Drive Permanent Magnet
Generator adapted to a Vertical Axis Wind Turbine. The design had been successfully
constructed and results from the simulation were analysed. The generator had a very
low reactance thereby causing a low voltage drop in generator side. Moreover, the
pitch control was successfully replaced by the electrical control. The generator
performed successfully with a high efficiency for the whole operation period and it
showed a high torque capability. The system was later installed in Sweden having a

rated power of 200KW [39].

The Northern side of the world has good wind energy but still development of wind
power has not yet been observed that much due to couple of major problems until
2011. Among them, icing on the turbine blade is the main obstacle. In average 20%
power loss occurred annually due to this problem. To overcome it, not much of steps
were taken. In 2011, Muhammad S. Virk, Matthew C. Homola, Per J. Nicklasson from
Narvik University College carried out a numerical study on a horizontal axis wind
turbine (5MW) about the atmospheric ice accretion. The result was achieved using
Computational Fluid Dynamics. For both of the conditions of rime and glaze ice, five
different sections in the blades were taken into consideration for numerical analysis.
Moreover, several atmospheric temperatures were used to simulate the rate and
shape of accreted ice. The result indicated that both the blade size and relative section

velocity of the blade affected ice growth. Near the root section, the icing was less. In
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the blade section, from centre to top, significant change in icing was noticed with the
variation in atmospheric temperature. Furthermore, the result also proved that the

icing could be managed by optimizing the geometric design parameters [40].

In the same year in China, Li Yan, Chi Yuan, Han Yongjun, Li Shengmao and Tagawa
Kotaro from Northest Agricultural University carried out research on Vertical Axis
Wind Turbine blade airfoil. Using Computational Fluid Dynamics Technique, the
simulation result of static aerodynamic performance of icing blade was analysed. The
research indicated the icing on blade forced drag to be enlarged causing poor blade
performance. The ice accretion was proportional to the variation of water flow flux

and wind speed [41].

In recent years, Micro-Wind Energy has made a lot of impact due to its low speed
operation along with low power applications resulting cost reduction and simplicity.
For example, Massimiliano, Marcello and Gianpaolo from Italy designed a simple,
effective and low cost Micro-Wind Energy Conversion System in 2011 that gathered
several attentions. It used a Permanent Magnet Synchronous Generator, boost
converted, and Voltage Oriented Controller were used. The system performed a
reliable operation at the maximum power. It also showed a promising quick response
with variable wind speeds. It had low losses and almost zero reactive power
exchanged with the power grid. In comparison with a conventional wind turbine of
same maximum power range and with the same average wind speed, it could generate
twice the energy produced by the generator [42]. In Canada, Md. Arifujjaman from
the University of New Brunswick also did some research on modelling and simulation

of grid connected permanent magnet generator based on small wind energy
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conversion system. He presented a mathematical modelling and control strategy for
the system similar to the previous one. A unique controller was design that used to
vary the duty cycle that changed boost controller output voltage and current giving
the maximum power to the grid. The control system also decreased the system
parameter dependence and made the system less complicated [43]. In the same year
he together with M.T. Igbal and J.E. Quacioe wrote an article on development of an
isolated small wind turbine emulator. It was based on a separately excited DC motor.
It was implemented to justify the performance of control method. By performing the
turbine at optimal tip-speed ratio, highest power draw was made certain. This
emulator system can be helpful for additional study and research on a micro wind
turbine system providing at the same time a test bed to look into different new control

strategy [44].

Meanwhile, in November 2, 2010, Ciprian Nemes and Florin Munteanu from Technical
University of lasi, Romania published an article on development of reliability model
for wind farm power generation. The main aim of the paper was to measure the power
distribution of the farm. The system was implemented in North-East of Romania. The
article showed an analytical approach to estimate the power generation of a wind
farm with varying wind speed. With Monte Carlo simulations, the results were made
sure to be validated and the probabilistic functions of simultaneously running of wind

turbine were calculated [45].
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2.3 Wind Turbine Performance Parameters

A major role to influence the performance of a turbine in terms of generating torque,
power and energy is affected and played by a few special terms, definitions and

sectors. In this section, these performance parameters will be discussed.
2.3.1. Betz’s Elementary Theory [33] [37] [46]

Since wind turbines cannot convert all the energy into work, there should be a loss.
The efficiency is not very satisfactory unlike the other turbines. The information about
the maximum energy that we can get from the turbine is got from Betz’s elementary

theory which came up with a power co-efficient concept.
The expression of kinetic energy of an air where mass, m, moving with a velocity, v, is:
E = -mv2(Nm) (1)

Considering a certain cross-sectional area, A, from figure 2.8, if the air passes through

volume V' with a velocity v, the so-called volume flow,V, is:

Figure 2.8: Flow conditions due to the extraction of mechanical energy from a free-

stream air flow, according to the elementary momentum theory



V=v.40m3/s)(2)

The mass flow with the air density 9 is:
k
m=sva () ©)

For the moving air for that cross sectional area, the kinetic power (P) would be:

1
or,P = > Qu3A (w)(4)

Kinetic energy contained in the in the wind stream must be extracted to convert to
mechanical energy. To be precise, the flow velocity behind the wind energy converter
must decrease with an unchanged mass flow. Nevertheless, reduced velocity means
the same mass flow must pass through a widening of the cross-section at the same
time. Hence, it is essential to consider the conditions in front of and behind the

converter.

From the figure 2.8, v1 is the un-delayed free-stream wind velocity with cross sectional
area of Al before it reaches the converter, whereas v2 is the flow velocity behind the

converter with cross sectional area of A2.

Hence the mechanical energy the air stream before and after the converter:

1 3 1 3 1 3 3
P = E QA,v7y _E QA, v, = 59(A1V 1 —Ayvi,) (W)(5)

Maintaining the mass flow (continuity equation) requires that:

QA vy = @Ay, (Kg/s) (6)
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Thus,

P =2 oAy (v? —v%) (W)
or

P =-1((v?; —v?;) (W (8)

From this equation it follows that, power would have to be at its maximum when v2
is zero, namely when the air is brought to a complete standstill by the converter.
However, this result does not make sense physically. If the outflow velocity v2 behind
the converter is zero, then the inflow velocity before the converter must also become
zero, implying that there would be no more flow through the converter at all. As could
be expected, a physically meaningful result consists in a certain numerical ratio of
v2/vl where the extractable power reaches its maximum. This requires another
equation expressing the mechanical power of the converter. The mechanical power
of the converter needs to be expressed by a different equation. The force which the
air exerts on the converter can be expressed using the law of conservation of

momentum:
F=m((v; —v,) (N)(9)

The amount of force exerted by the converter on the air flow must be neutralised by
an equal amount of thrust produced in accordance with the principle- ‘action equals
reaction’. The air mass at air velocity v’ present in the plane of flow of the converter

is being pushed by the thrust. Below presented is the power required for this:

P=Fv = m((v; —vy,)v (W)(10)
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Hence, the mechanical power extracted from the air flow can be derived from the
energy difference before and after the converter, as well as, from the thrust and the

flow velocity. Equating both the expressions gives:
1. . )
Em((vz1 —v%,) =1y, —v,)v (11)
Where, V' = = (v; —v;)  (m/s) (12)

Thus, the arithmetic mean of vl and v2 is equal to the flow velocity through the

converter as shown:

v1+v;,

V=—= (m/s) (13)
The mass flow thus becomes:
th = QAv’ = ~9A(v; + vy) (ka/s) (14)

The mechanical power output of the converter can be expressed as:

P = iQA(U21 —v%) (v + vy) (15)

In order to provide a reference for this power output, it is compared with the power
of the free-air stream which flows through the same cross-sectional area A, without

mechanical power being extracted from it. This power was:
1
P, = - qv,°A (W) (16)

The ratio between the mechanical power extracted by the converter and that of the

undisturbed air stream is called the “power coefficient” Cp:

Cp = P_ %S’A(Uzl —v?3 ) (v1+v2)

Py %gv13A

(17)
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Re arranging:

(18)

o =5 =3f- G [l

The power coefficient, therefore, depends only on the ratio of air velocities as it is the

ratio of the mechanical power extracted to the power confined in the air stream.
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Figure 2.9 (a): Power coefficient versus the flow velocity ratio of the flow before and

after the energy converter

With v, /v;=1/3 the maximum ideal power coefficient becomes: ¢, = 0.593. This is

also known as ‘Betz factor’. Hence the flow velocity,
, 2
vV = 5171 (19)

And the required reduced velocity,

1
V2 =30 (20)
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Fig 2.9 (b): Flow conditions of the stream through an ideal disk-shaped energy

converter with the maximum possible extraction of mechanical power

The diagram above shows the flow condition through the wind energy converter in
details — flow velocity and static pressure are indicated along with the flow lines. When
air flows through the turbine its velocity is reduced to minimum at the exit point.
Moreover, due to pressure equalization the increased static pressure in the converter
is reduced to the ambient pressure just before it exits the converter. We must
understand that ideal and frictionless conditions are assumed for the basic
relationships. However, the power coefficient value is lower than the ideal cases in

real life situations.

2.3.2. Tip Speed Ratio

The rotating converter of the turbine, a rotor, creates a rotating motion which is
addressed as the rotational speed of the turbine or the rotor speed. This angular

velocity is basically the tangential velocity of the rotor blade tip. Tip Speed ratio, 4,
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given in the following equation, is determined by this rotor speed in relation to the

wind velocity.

. . U Tangential Velocity of the Rotor Blade Tip,U wr
Tip Speed Ratio,A = — = g S the =—
Vw Speed of the Wind,Vy, Vw

[21]

Where, 1, is wind speed (m/s), u is velocity of the rotor tip (m/s), r is the rotor radius

(m), and w the angular velocity (rad/s) [46].

The power coefficient directly depends on the ratio between the energy components
from the rotating motion and the motion of the air stream. Thus, it depends on Tip
Speed Ratio. A higher tip speed ratio, or TSR, results in high shaft rotational speed

needed for efficient operation to produce more electricity [46] [47].
2.3.3. Angle of Attack

The angle of attack is an important parameter in shaping the performance of the
turbine blades for power generation. With a view to having a good lift force, the
relative wind should hit the blade at a proper angle which is called the angle of attack.
The amount of force generated from an aerofoil depends greatly on the angle that it

makes with the direction of the relative wind (figure 2.10a) [48] [49].
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Figure 2.10 (a): Angle of Attack on turbine aerofoil
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Figure 2.10 (b): Pitch angle of the aerofoil in relative to angle of attack

2.3.4. Pitch Angle

Figure 2.10 (b) shows the pitch angle of a blade aerofoil. Pitch angle maintains a
uniform rotor speed under different wind conditions to accomplish optimum power
from the turbine. Even a small increase or decrease in the pitch angle can make huge

changes on the power output of the wind turbine [49] [50].

2.3.5. Blade Design

As far as the rotor blade designing concerns, aerodynamic forces, lifts and drags are
the fundamental factor. There could be 2 —-bladed, 3-bladed and multi-bladed
turbines. The details of blade design have not been covered in this thesis rather it
focuses towards the simulation and design of Maglev vertical axis turbine for popular
multi-bladed system and synchronise the result with energy harvesting circuit to get

optimal output for low wind speed.

2.3.6. Pitch control and Yaw Control

The pitch control system a subsystem of the wind turbine and it is quite expensive. It
is located and operates inside the hub where it rotates around their radial axis as wind

velocity changes during operation. The pitch control is a system that changes the angle
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of attack by pitching the blades in order to produce more power. There are mainly two
types of control system- hydraulic and electromechanical. Pitch control is expensive,
it has many maintenance and mechanical issues and they are quite complicated [51-
52]. For multi directional low wind off-grid system, pitch control is not preferred. This
thesis studies fixed pitch VAWT without having a variable pitch control system. For

electromechanical there are issues with the batteries.

The yaw system guides the turbine towards the wind. The system consists of a bearing,
motor and drive. This mechanism is controlled by an automatic controller with the
wind sensors placed on the hub. Generally, the yaw system is applicable for HAWT. As
VAWT is capable of generating power regardless of wind direction, yaw mechanism is

not needed to implement there.

Following table identifies the design parameters and performance parameters of wind
turbine. ‘Cut-in” and ‘Cut-off’ wind speed range should be determined in order to
make sure whether the turbine will work under low or high wind speed. Turbine
height, radius, blade number and pitch angles are the main design parameters
whereas mechanical torque and mechanical power are the performance factors which
would be analysed. For Vertical Axis Wind Turbine, the turbine gives maximum
efficiency in Null pitch angle [null pitch angle]. In this research, a prototype was built
in which the turbine blade pitch angle was varied to make sure at null pitch, the

developed VAWT produces maximum power.
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Table 2.1: Design and Performance Parameter Identification of Wind Turbine

Design Parameter Performance parameter

Wind Speed (m/s) e Mechanical Torgue (Nm)

Turbine Height (m) « Mechanical Power (P)
Turbine Radius (m)
Pitch Angle

2.4. Generator details with an emphasize on PMSG

A generator converts mechanical energy to electrical energy. A prime mover is
required to rotate the generator shaft with the mechanical energy extracted from the
wind, which is, in our thesis, the VAWT. The generator applies Faraday’s law of
electromagnetic induction. The law says that current is produced when a moving
magnetic field is passing over a stationary coil (conductor). There are basically two
kinds of generator: DC and AC. DC generators are not preferred for wind turbine
because of high maintenance requirements due to brushes and it also requires DC-AC
inverters. Coming back to AC generator, they are mainly of two types: The
Asynchronous (induction) and synchronous [53]. Each of the generator has its own
classes and types. This part of the thesis briefly describes the generators used in wind
turbine mentioning their advantages and disadvantages. It also states the type of
generator that is used in this system and the reason behind it.
2.4.1. Asynchronous Generator

Asynchronous generators are also known as Induction generators. This type of
generator produces electrical power when the rotor turns faster than synchronous
speed. Synchronous speed is the rate of rotation of the magnetic field on the stator.

Since the speed of the rotor never matches the synchronous speed, hence it is

35



addressed as asynchronous. Here, a separate electrical source needs to provide the
external current that produces the magnetizing flux resulting current into rotor and
their interaction produces voltage at the stator. The excitation current, its magnitude

and frequency is determined by a closed loop control system.

ARMATURE CORE

RMATURE
WINDING
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CAGE

ROTOR CORE

Figure 2.11: A cross section of an asynchronous generator

A close loop control system varies the excitation current and the frequency of it so
that constant voltage can be fed to the generator regardless of the variations of speed
and load current. Figure 2.11 shows a cross section of an induction generated that has
its squirrel cage type rotor. Generally, induction generators are of three kinds- A)
Doubly Fed Induction Generator, B) Wound Rotor Induction Generator, C) Squirrel

Cage Induction Generator [54] [55].
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2.4.2. Synchronous Generator
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Figure 2.12 (a, b, ¢, d): Synchronous machine configuration

A three-phase synchronous machine consists of a rotating cylinder called the rotor and
a stationary housing called the stator as shown in Figure 2.12(a). Generally, the rotor
position in inside and the stator is outside. A shaft rotates through the rotor and

bearing helps the shaft to be in order. A three-phase synchronous generator requires
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three identical coils of wire. Each of the coil can have several turns. These coils are
placed in the stator slots. Figure 2.12 (b) represents one of the three phase windings.
This winding is also addressed as armature. The angular distance between the sides of
a turn is called the coil pitch whereas the distribution of the turns is termed as coil
breadth. Each of the phase coil is separated by 120° from its adjacent phase. Figure
2.12 (c) shows the three stator phases a, b and c. Dot indicates the current to be
coming out of the page whereas cross indicates current going into the page. The rotor
contains the field winding that produces the magnetic field needed to generate a
voltage. As it can be seen in figure 2.12 (d), the end connections of the field winding
are connected to two copper rings with carbon brushes. The brushes are mounted on
the rotor shaft. This ring is called slip ring. The DC exciting field current is produced
normally by a DC voltage source through the slip ring. The maintenance is not as costly
as DC generator. The induced voltage produced by each phase coil has the same

frequency, magnitude and has a displacement by 120° in phase [53-56].

The rotor speed, n, of a synchronous machine is given by the following equation:

__120f
p

(22)

Where, f = frequency of the rotary field, grid frequency for grid connection (in Hz); p

= number of pole pairs,

In terms of rotor configuration, synchronous generators are of two types: the salient
pole and non-salient pole. Salient pole rotor is used mostly in low speed applications
whereas the non-salient pole (wound/cylindrical rotor) are for high speed

applications.
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2.4.2.1.  Salient pole rotor

These are synchronous generators that are mostly used in situations where the rotor
is required to rotate at a slow pace to extract maximum power. It is generally
constructed with a large number of poles [57]. The stator having a laminated iron core
with slots. According to figure 2.13, phase windings are placed into the slots [58] [59].
The external dc current is provided through the slip rings and brushes. It has ability to
run at low speed while extracting maximum power. Typical application for salient pole

rotors are low speed hydraulic applications [58].

Stator
containing
anmature
windings

Field
winding

Figure 2.13: Salient Pole rotor and Non-Salient Pole

2.4.2.2.  Wound/cylindrical rotor synchronous generators

Mostly used for high speed applications, non-salient or wound or cylindrical rotor
provides efficient power at high rotor speed. Generally, it has fewer poles than salient
machine. Forged iron core rotor is installed on the shaft and insulated copper bars are
placed in the slots. At low speed condition, it is incapable to provide efficient power;

thus making it impractical for this project [57] [59].
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2.4.2.3. A comparison between Salient Pole and Non Salient Pole

(wound/cylindrical) Machine [57-59]

Salient Pole Machine

Non Salient Pole Machine

Consist of large diameter and short
axial length, excessive windage
losses.

Low speed operation, typical speed
100-375RPM. More number of pole
up to 60. Cheaper compared to
Wound rotor.

Flux distribution is not uniform due
to the presence of salient poles,
hence emf waveform generated is
not good compared to cylindrical

machine

1. Consist of smaller diameter and

longer axial length, less windage
losses.

High speed operation, typical speed
1500-3000 rpm. Less number of
pole, generally 4-6. Expensive
compared to Salient pole.

Nearly sinusoidal flux distribution
around the periphery, therefore
gives a better emf waveform than

salient pole machine

2.4.3. Permanent Magnet Synchronous Generators

Permanent magnet synchronous generator (PMSG) belongs to the synchronous
generator type having the same principle. A set of permanent magnets produce the
magnetic field instead of external source. As magnets being used as field provider, it
is less bulky and is best suited for low wind speeds. The advantages are many including
elimination of copper losses, simpler construction without slip rings, lower weight and

size resulting higher power density and efficiency. Here, the higher power density
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indicates reduced mass at a given power, i. e. the construction happens to be more

compact. [60-64]

Armature Winding

Armature Core

PM Rotor

Figure 2.14: A cross section of a permanent magnet synchronous generator [2]

Figure 2.14 represents a cross sectional area of a PMSG [65] whereas figure 2.15 [56]
shows a simple surface mounted PMSG with the basic structure. It has a complete
magnetic flux circuit, half N-pole and half S-pole, the magnetic flux travels from the
rotor surface through the air gap, the magnetic silicon steel in the stator, the air gap

and then back to the rotor to form a complete closed-loop.

EEmE

Figure 2.15: Schematic diagram of permanent-magnet synchronous generator

(PMSG): magnetic flux path.
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The permanent magnet synchronous generators could either be surface mounted
(exterior) or embedded (interior) permanent magnet generator. The surface mounted
generator has its magnets placed over the surface of the rotor while the embedded
has an interior permanent magnet [66]. Based on the manner of flux propagation
across the generator air gap, the PM generators are classified as radial, axial and

transverse which are defined as follows [61-63].

2.4.3.1.  Radial flux permanent magnet:

This type of PMSG has its permanent magnets radically placed on the rotor, making
the magnetic flux propagated at a radial direction (Figure 2.16) [63]. These types are
preferred for direct drive wind turbines. Gluing the magnets on the surface of the

rotors is the simplest way to implement this system [63-67].

Inner rotor

Permanent
Stator
windings

.

Rotor
plates

Permanent
magnets

Outer rotor

Windings
Stator /

Figure 2.16: Basic configuration of Axial Flux PMSG and Radial Flux PMSG

2.4.3.2.  Axial Flux Permanent Magnet

These types have its magnetic flux propagating at an axial direction from the magnets.
These ones are best suited for low wind speed applications. Figure 2.16 and 2.17 show

example of AFPM. Axial Flux PMSG can be of 3 types namely 3-Phase, 5-Phase and
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Dual Stator in which 3-Phase is the least complicated and cost effective among three.

[66-68]
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Figure 2.17: Cross Section View of Axial Flux PMSG (a); Structure of AFPMSG (b)

2.4.3.3. Transverse Flux Permanent Magnet

The transverse permanent magnet generator has its flux propagating a perpendicular
angle to the motion of the rotor [69-71].in this system, the direction of magnetic flux
is perpendicular with the direction of the rotational rotor. There is a few
configurations of this system. Fig 2.18 [69] shows the configuration of a surface-
mounted transverse-flux PMSG. A transverse flux PM (TFPM) machine is a
synchronous machine in nature, and it will function in a manner similar to any other

PMSG in principle.

Stator cores

Winding <
Terminal X

Mover

Nonmagnetic!
material

U Flux
Terminal A concentrators

Figure 2.18: Typical Transverse Flux PMSG structure of a U-shaped Stator Core
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In comparison, axial flux design offers high torque and power density values that are
suitable for low speed applications. If radial is used, it requires a step down or step up
gear boxes to reach the desired rotational speed for the driven machinery. The
transverse permanent magnet generator is no more in use because of its complexity
and maintenance problem. Due to this, axial flux permanent magnet generator will be

better suited for this work [69-76].

2.5.  Wind Turbine System: Trends and Concepts

This section will deal with the classification of wind turbine as well as the trend of use
of different types of turbine in accordance with time. The general classification of
turbine deals with rotor speed. It can be divided into two categories namely fixed
speed, limited variable speed and variable speed. Since the variable speed wind
turbines use the power converter, on the basis of it, turbines can be subdivided into
another two categories namely partial scale and full scale power electronic converter.
Leaving the motor speed aside, variable speed wind turbines can be divided into
another two subcategories in terms of power converter- partial scale power convert
and full scale power converter [76-79]. There is also direct drive, single stage geared
and multi-stage gear concept. In terms of generator used, it can be classified into
electrically excited synchronous generator, permanent magnet synchronous
generator and Squirrel Cage induction generator. Among these three, permanent
magnet synchronous generator can be sub divided considering its flux direction and
these are radial flux, axial flux and transversal flux. The details of the classifications

are mentioned in brief as follow. [72-75]
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2.5.1. Fixed speed concept
This turbine worked with a multiple stage gearbox with Squirrel Cage Induction
generator. Normally it is directly connected to grid with a transformer. Since induction
generator operates in the range of synchronous speed, this system is called fixed
speed wind generator system. In the period between 1980 and 1999, this concept was
being applied. This is called the conventional concept since it was one of the oldest
systems in terms of wind turbine. It was very popular on that period to many Danish
manufacture companies. The advantages of this system are robustness, cheap and
stability in terms of control system. However, speed is not variable and cannot be
controlled. And because of the speed being fixed, any fluctuation in wind results
straight in torque variation. As a result, there is a stress in gearbox, aerofoils and
generator. It is also necessary for the system to have a three stage gearbox which is

very inconvenient in nature. [76, 78] [79-83]

2.5.2. Variable speed concept with a partial-scale power converter

This system relates either to a Wound Rotor or doubly fed Induction generator with a
variable speed wind turbine. In the rotor circuit, a partial scale power converter is
used. This system is also addressed as Double Fed Induction generator. The rotor
relates to a power converter whereas the stator is connected straight to the grid. The
power converter varies the frequency of rotor resulting changing of rotor speed
supporting a vast speed range. In need of a multistage gearbox, heat dissipation from
gearbox friction, regular maintenance of partial scale converter and gearbox, strong
protection of power electronic converter and high torque loads on drive train because

of large stator peak current are the disadvantages of this system. [77-81]
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2.5.3. Variable speed direct-drive concept with a full-scale power converter

In this system, through a full-scale power converter, the system is connected to the
grid. It can be used for off-grid system as well. The difference between this system to
geared drive system is the speed of the rotor. In this case, generator rotates in a slow
speed since it is connected straight to the turbine rotor hub. The low speed results
high torque. For direct drive, this low speed and high torque needs of multi poles
requiring large diameter for putting extra number of poles. However, the simplicity of
drive train, good reliability and efficiency with the absence of gearbox is the good sides
of this system. It has an advantage against partial scale converter of performing
smooth grip connection. Direct-drive generators used here can be divided into two
categories namely electrically excited synchronous generator and permanent magnet

synchronous generator. [77-79]

Wind turbine Concept

v
y v !

Fixed Speed Concept Variable Speed Concept

Limited Variable Speed

v
v

Partial Scale Power Converter

v

Full Scale Power Converter

v

v

v v

Direct Drive Concept

Single-Stage Geared Concept

Multiple-Stage Geared Concept

Electrically Excited Synchronous Generator

Permanent Magnet Synchronous Generator

Radial Flux

Axial Flux
Transversal Flux

Permanent Magnet Synchronous Generator

Squirrel Cage Induction Generator

Figure 2.19: A block diagram of wind turbine classification
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2.6. Energy Harvesting System

Wind power fluctuates and therefore adversely impacts power systems. Integration
of energy storage systems (ESS) into wind farms is a promising solution to manage
wind power. For near-to-midterm (seconds to minutes) power management, the most
commonly implemented storage technologies in a wind farm are battery energy
storage system (BESS), advanced capacitors and supercapacitors, flywheel energy
storage (FES), and superconducting magnetic energy storage (SMES). The power and
energy ranges of the four technologies are projected in Figure 2.20 [64]. The battery
technology provides a high energy capacity but low power, while on the other end the
supercapacitor has a high power capacity but is short in duration. The flywheel and
SMES fall somewhere in the middle. None of the four single ESS technologies fit

themselves well into the wind application requirement.

Capacitors

Electrochemical
Capacitors

(Supercapacitors)

Power density (W/kg)

Batteries Fuel
Cells

J |

10° 10°

Ene1rgy densit_\?o(\\'h/kg)
Fig. 2.20. Power vs Energy ranges for different Energy Harvesting Technology
2.6.1. Battery
Batteries have already been widely used since decades ago and still a popular energy
storage system up until today. There are many variations of batteries present today

either non-rechargeable or rechargeable with different types such as lithium-ion, lead-
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acid, nickel-metal-hydride and many more. Overall, batteries have high emergy
densities, low self-discharge rate and costs less when compared to supercapacitors.
Though widely used, there are still many negative factors affecting the batteries.
These are temperature, slow charging time, low power density and short life cycle
[58]. The characteristics of different batteries are tabulated in Table 2.2 [83-87].

Table 2.2 Comparison of different battery types

Type of battery  Lead-acid Nickel- Nickel-metal  Lithium-ion
cadmium hybrid (Li-ion)
(Nicd) (NiMH)
Cycle life 500-800 2000-2500 500-1000 1000-10000

Cycle Efficiency
(%)
Self-discharge
per day (%)
Energy Density 100-250
(Wh/kg)
Power density | 75-300 150-300 250-1000 250-340

(W/kg)

2.6.2. Supercapacitor

Electric double-layer capacitors (EDLCs), ultracapacitors, electrochemical capacitors or
supercapacitors are able to store charges more than a thousand times compared to
an electrolytic capacitor. Supercapacitors are normally rated in Farads (F) whereas the

basic electrolytic capacitors are rated in microfarads (uF). The ability of

48



supercapacitors to store a large amount of charges is because of its very small distance
between the electrode layers separating the charges which results in a larger

electrode plate surface area [88].
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Figure 2.21: Model of a supercapacitor.
Supercapacitors have started to gain attention and are widely used for energy storage
in the recent years especially in the renewable energy sector. The advantages such as
fast charging time, unlimited life cycle, low equivalent series resistance (ESR), robust
and high power density makes it attractive and have been used to replace battery in
a number of applications [89]. However, supercapacitors are greatly affected by
temperature as an increase in temperature will produce negative effects to the
electrolyte in the supercapacitor, thus reduces the lifespan. Charge balancing of
supercapacitors has always been an issue and it is important to minimise it in order to
improve the performance and reliability. Linzen et. al. [90] analysed a few of existing
charge balancing circuits and presented their pros and cons. By placing passive
resistors across each capacitor, there is a high power loss from the resistors which
causes this circuit to be inefficient. Implementing active switched resistors to allow

current to bypass when the supercapacitors are fully charged adds additional costs to
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the circuit. Another concept of using DC-DC converters across two supercapacitors on
the other hand results in high efficiency as no other losses occur besides from the
converters itself. However, this circuit requires a large amount of components which
adds to the cost. Zener diode placed across each supercapacitor can also be used
where the voltage will be constant when supercapacitor and Zener voltage are

balanced but this circuit also causes high power losses (Fig. 2.22).
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Figure 2.22: Various types of charge balancing circuit. (a) Passive resistor (b) Active
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Figure 2.23: Configuration of a DFIG wind turbine equipped with a supercapacitor

ESS connected to a power grid [91].
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Liyan Qu, Wei Qiao in the year of 2011 proposed a novel two-layer constant power
control (CPC) scheme for a wind farm equipped with doubly fed induction generator
(DFIG) wind turbines [91], where each WTG is equipped with a supercapacitor energy
storage system (ESS) (Fig. 2.23). The CPC consists of a high-layer wind farm supervisory
controller (WFSC) and low-layer WTG controllers. The ESS serves as either a source or
a sink of active power to control the generated active power of the DFIG wind turbine.
Results have shown that the proposed CPC scheme enabled the wind farm to
effectively participate in unit commitment and active power and frequency
regulations of the grid [91-92]. The proposed system and control scheme provides a
solution to help achieve high levels of penetration of wind power into electric power
grids. Output power of Wind Turbine fluctuates constantly, which may cause grid
frequency variations, and impose a high risk on system stability. In order to smooth
power output of wind turbine, the proposed system was used. By using a
Supercapacitor based energy storage, the effects of frequency fluctuation and
deviation on system during fault condition was minimized. This was one of the early
examples of using Supercapacitors in wind turbine. However, our research deals with
off-grid wind energy harvesting; therefore, Lian Qu’s model cannot be used.
Moreover, our research aims to charge a DC battery through whereas Lian Qu worked
with 3 Phase grid connection.
2.6.3. Hybrid Energy Storage System (HESS)

Battery and supercapacitors are used together to form a hybrid system. As discussed
earlier, battery and supercapacitor has their own advantages and disadvantages. The
Ragone plot in Figure 2.20 shows that supercapacitors have high power density but

low energy density whereas batteries have low power density and high energy
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density. Besides, battery also has higher ESR which results in high internal loss, thus
less efficient compared to supercapacitors. Therefore, both devices are often
integrated so that they can complement each other. This system known as hybrid
energy storage system (HESS) are widely used now in order to prolong the lifespan of
each device and improve standalone systems [93]. As an example, Babazadeh et. al.
[94] implemented a HESS system into a PMSG wind turbine with a large variable wind
speed between 6 — 21 m/s. The HESS system helps to smoothen and regulate the
output caused by peaks generated due to variation in the wind speed by using a
control system to disconnect the battery from wind turbine. This successfully proved
that the battery life is able to last longer as the battery experiences lesser stress.
Currently available electric vehicle (EV) such as Tesla Model S, Toyota Prius and
Chevrolet Volt use only battery banks and do not employ HESS. The average urban
driving patterns that require rapid discharging of battery banks when accelerating and
charging of banks when decelerating will reduce the battery banks’ lifespan, thus
supercapacitors are beneficial in this case. Since supercapacitors are able to charge
and discharge at a fast rate, it is able to provide a boost of power during acceleration

and absorbs power during regenerative braking [95] [96].
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Figure 2.24: Energy harvesting circuit of showing current flowing in the positive half
cycle [97].
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cycle [97].

In 2010, Worthington [97] proposed a novel circuit that combines the SSHI technique
with a charge pump tyre circuit which will be connected to a load capacitor directly to
harvest energy. This allows the capacitor to act as a reservoir that will be disconnected
when fully charged and then discharged it to a load. Experiment results showed that
this idea is capable of harvesting three times more amount of energy compared to the
usual bridge rectifier circuit. It also has an advantage of being able to collect charge

during the whole AC cycle from the PT as shown in Figure 2.24 and Figure 2.25 [97].

Most common methodologies use two storage banks directly connected in parallel
[98] and a bidirectional DC/DC converter interfacing two storage banks (Figure 2.26)

below [98-99].

5 P
s B +
—— a5 =
e T =T ? Buck Boost 4 SEGr A
) Vbatt UC: Ves | Converter Vbus Diiver —{ M
— —t 1 \ S
T T & | i
L

Figure 2.26: Conventional Hybrid Energy harvesting circuit
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One of the problems of establishing the hybrid storage system is the different voltage
level of Supercapacitor and battery bank. The most common way of coupling the two
storage device is to connect them in parallel. Although this way of harvesting energy
maintains the same voltage in both the storage banks but however it restricts the
power delivered by the Supercapacitor. M.E. Glavin, Paul K.W. Chan (2008) inspected
the role of an electronic control unit in a battery supercapacitor hybrid energy storage
system under different load conditions with the aid of various sensors [100-101]. Here,
the DC/DC converter permits the Supercapacitor to supply extra power required by
the load. However, in low wind speed, it will not be possible for the turbine to charge
a hybrid storage system where both the Supercapacitors and battery are connected in
parallel. Because at low wind speed, the turbine rotates at a very low RPM resulting a
low output voltage at the generator terminal which is not sufficient to charge the
hybrid storage in parallel configuration.

Having compared with previous models, in which Tankari used a 4.5KW PMSG [102],
Abbey as well as L. QU used a 1MW induction generator [103-104]; this research
adopts a small VAWT scale connected to a PMSG making it as a portable standalone
system. Also areas with low wind does not require a system that includes a generator
of Mega Watt range. Coming back to the energy harvesting circuit, this investigation
discovers a novel hybrid circuit with a combination of a battery and Supercapacitor
bank. In 2010, Worthington proposed a novel circuit that combines the Synchronous
Switched Harvesting technique which was connected to a load capacitor directly to
harvest energy [105]. This allowed the capacitor to act as a reservoir that would be
disconnected when fully charged and then would discharge to a load. The circuit was

connected with a charge pump tire circuit [105]. Experiment results showed that this
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idea was capable of harvesting three times more amount of energy compared to the
usual bridge rectifier circuit. However, this idea has not yet been implemented into
off-grid wind energy sector. Although Lee [106] implemented a hybrid energy
harvesting storage in 2008 for wind power application, it was meant for grid
connection and again was of high power range. Hence, it was impossible for the
energy storage system to be implemented for off-grid system. This study brings the
supercapacitor based hybrid energy harvesting for first time into the off-grid low wind
power application. A supercapacitor bank is used in this experiment that charges up
from the turbine and discharges through the battery with the use of power
electronics.

Batteries have relatively high energy density comparing to Supercapacitors; however,
it does not have the characteristics of Supercapacitors- instantaneous charging and
discharging. Even though batteries can store more energy but it requires longer time
to discharge and recharge. Moreover, batteries require constant voltage for charging.
If the current exceeds battery rating, it may get heated up and also voltage fluctuation
reduces life span of the battery. In order to give a constant voltage from the generator,
a DC/DC converter has to be used. However, the internal voltage drops in DC/DC
converter together with low voltage at generator output do not make a Vertical Axis
Wind Turbine worthy of charging a battery in low wind speed. Therefore, this research
proposes a balancing circuit which introduces Supercapacitor to act as a buffer
between the turbine and a battery. Supercapacitor would get charged up from the
turbine and discharge though the battery in two separate process by using MOSFET
control switching system. This novel idea does not include a DC/DC converter in the

Turbine-Supercapacitor part avoiding the voltage drop across the converter. Rather,
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the turbines charges the Supercapacitor directly and after getting charged up, the
Supercapacitor gets isolated from the turbine by the help of MOSFET switching and
charges the battery through a DC/DC converter by self-discharging. In this way, even
a small voltage of 3-4V can charge up a 6V/12V battery. In this research, the proposed
hybrid Supercapacitor based battery charging circuit has been implemented into a
Vertical Axis Wind Turbine in low wind speed and compared with direct charging of
battery from turbine with or without a DC/DC converter. Lastly, the proposed system
has also been compared with current existing systems of rural Malaysia in terms of

cost-effectiveness.
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Chapter 3

Methodology

This Chapter consists of 6 parts. First two parts consist of design and simulation of
VAWT and PMSG respectively. Third part brings the first two sections together and
describes the entire simulation process of VAWT adapted to PMSG. Part 4 includes
low cost optimization of the entire VAWT system for rural Malaysia. Part 5 describes
the design and experimental set-up of a Laboratory prototype of a Maglev Based
VAWT. Part 6 explains the energy harvesting circuit and the control system of it. Part
7 brings the energy harvesting circuit into two different Maglev based VAWT having
separate configuration. This part details the overall system set-up, control theory and
data collection process for both the system. Figure 3.1 presents the data flow block

diagram of this part.
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3.1. Design and Simulation of Vertical Axis Wind Turbine
The first part of methodology includes the design and simulation process of Vertical
Axis Wind Turbine. First, VAWT theoretical equations had been studied and
implemented in Matlab/Simulink for modelling. The analysis of design parameters
followed by performance parameters was given. The observation and further study
were kept for “Result & Discussion” chapter. Following is the process flow chart of this

sub-methodology chapter.

ANALYSIS OF VAWT & 'DESIGN PARAMETER'/
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TO OBSERVE CHANGE IN ——>| >CONCLUSION (LATER
PERFORMACE CHAPTER)

Figure 3.2: Process Flow Chart of Section 3.1

3.1.1 VAWT Mathematical Model:

From the section 2.3 under the chapter of Literature Review and taking in
consideration of reference [121-127], the aerodynamic equations of the turbine are

given by the equation stated below [107-113]:

Pm = Cp()&)% pAUS (3.1)

A= 222Cp (3.2)

T, =2 (3.3)

m
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A =2RH (3.4)

Here, A is the turbine rotor cover area in meter square (m?2), p is the air density, Uy is
the wind speed in meter per second (ms™), Cp is the power coefficient of the wind
turbine, A is the tip-speed ratio, wy, is the rotor angular speed in rads?, R is turbine
radius in meter (m) and H is turbine height in meter (m).

To generate mechanical torque and power, the turbine depends on its physical
parameters which in this case are wind speed, height and radius of the turbine. Also
tip speed ratio and power co-efficient also play an important role. As discussed earlier,
the tip speed ratio is the ratio of the blade tip speed to the wind stream upstream of
the rotor. Based on the tip speed ratio, the power coefficient which is the amount of

energy taken from the wind can be calculated by using a universal equation [113]:

_Cs

C,(\B) = Cy (i— —C4B - c4) e M + Cg (3.5)

The coefficients c¢1 to c6 are: c1 =0.5176, c2 =116,¢c3=0.4,c4=5,c5=21and c6 =
0.0068 [113] [114]; where B is the pitch angle and is angle at which the wind hits the

blades. The maximum value of Cp (0.48) is achieved for B = 0 degree.
3.1.2 Simulink/ Matlab Model:

The equations stated above were implemented in SIMULINK. Simulink is a block
diagram environment integrated with MATLAB for simulation and Model-Based
Design. MATLAB, version 7.9.0.529 (R2009b), was used to model the system. Figure

3.3 shows the VAWT model developed in SIMULINK.
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Figure 3.3: Turbine SIMULINK model

3.1.3 Analysis of the Model:

To observe the performance of VAWT, the turbine characteristics is simulated for
various changes in parameters such as change in the radius, height, turbine speed, tip
speed ratio while maintaining a fixed wind speed unless stated otherwise to observe

the change in output torque, rotational speed and generated power.

3.2. Design and Simulation of Axial Flux Permanent Magnet Synchronous
Generator
In this section, all three kinds of axial type Multi-Pole Permanent Magnet Synchronous
Generators (PMSG) namely ‘Three-phase’, ‘Five Phase’ and ‘Double Stator’ PMSG have

been modeled and then compared in order to get an optimal system.
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‘MATLAB/Simulink’ had been used to model and simulate the wind turbine system

together with all the three types Permanent Magnet Generators.

BUILDING MATHEMATICAL
MODEL FOR 3PHASE. 5 PARK ; SIMULINK
5PHASE AND DUAL STATOR TRANSFORMATION MODELLING
PMSG
DESIGN PARAMETER'/ CONFI\éﬁF;\Q'ﬁgNS T0 RESULT>ANALYSIS
'PERFORMANCE —> OBSERVE CHANGE IN —> >CONCLUSION
PARAMETER' ANALYSIS PERFORMACE (LATER CHAPTER)

Figure 3.4: Process Flow Chart of Section 3.2

3.2.1. Mathematical model of PMSG

3.2.1.1. ‘Park Transformation’ and ‘Swings Equation’

Park transform is a vector representation of AC circuit of multi-phase models in a ‘dq
axis’ reference coordinates. The dq0 Park's transformation was 1 introduced by R.H.
Park in 1929 and this mathematical transformation helps to simplify the analysis of
different types of synchronous machines. By applying Park's transformation, the AC
guantities are transformed to DC quantities which is much easier to model in Simulink.
For PMSG DQ axis reference frame, the positive g-axis is aligned with the magnetic
axis of the permanent magnet whereas the positive d-axis leads the positive g-axis by

90 degrees. The entire simulation of 3-phase, 5-phase and Dual Stator PMSG were
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designed in terms of park transformation analysis. Equation (3.6) and (3.7) represents

the Park Transform; where f can be of current (1), voltage (V) or flux (A) [112-115].

f f

q a
fd = [quo] fb (3.6);
fO fc

Whereas T, is the “abc-dq0 Transformation Matrix” which is expressed as follows:

cosg,  cos(6, - 2?”) cos(0, + 2?7[)

Moo (0] = 2| ~sind, —sin(0, - =) ~sin(6,+ =) | (3.7

N |~
N |~

1
2

Here, eq is the angular position of the rotor. The relationship between ‘dq’ reference
frame and ‘abc’ axis coordinates on which equation 3.7 has been stated is given in the
following figure 3.5. This transformation matrix was described by R.H. Park (1933) in

his “Two Reaction Theory of Synchronous Machines” [114-116].

Figure 3.5: Park Transformation
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After analysis and modelling under dq reference frames, ‘Park Inverse Transformation’
is used to convert back to the previous system in order to get the original phase
results. The inverse transform is given below; where 64 is the angular position of the

rotor [115].

cos Hq —sin Qq 1

[quo(@q):l_lz cos(é’q—%rj —sin(eq—%[) 1((3.8)

cos(0q+2—”) —sin(9q+2—7rj 1
L 3 3 -

Equation (3.9) and (3.10) are recognized as ‘Swings Equation’. Associating with the

‘Park Transform’, it explains the physical features of a turbine. This equation describes
how a common drive shaft of the turbine drives the generator rotor acting as the
coupling element between the turbine and generator.

d?e

J =T, —T. =T, (3.9);
dt2 m e a( )

dw
T =—2¢
a ot (3.10)

Here, J is the total moment of inertia of the rotor mass in kgm?, T is the mechanical
torque supplied by the turbine in Nm, T. is the electrical torque output of the
generator in Nm, W, is the mechanical speed of the rotor in radian/sec and 0 is the

angular position of the rotor in radian.
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The electromagnetic power Pe is the power that is developed or seen at the stator
end of a generator and it is given by the expression shown below:

Pe = Tex W (3.11)
Where Teis the electromagnetic torque at the stator and W is the angular speed of the
generator. The electromagnetic power describes the power density that the generator
has at a particular point in time. The generators P. are investigated at a low and
optimal wind speed.

3.2.1.2. Three Phase Permanent Magnet Synchronous Generator

The analysis of the three phase permanent magnet synchronous generator was done
using a quadrature dq equivalent circuit reference frame, in which the g-axis was 90°
ahead of the d-axis with respect to the direction of rotation. Voltage, current and
electromagnetic torque for a PMSG in the d-q axis synchronous rotational frame had

then been expressed as following (equation 3.11-3.18) [116-117]:

Vq = _(Rs + qu)Iq _WeLdid +Weﬂm (3.12.3);

Vy =—(R + pLy)iy + WLy, (3.22.6);

L, =L, + L (3.13);
Lq = qu + I-Is (3.14);
—Riig | Welglg V.

diy _ +——4 -4 (3.15);
d L, L, L

% _Rsiq _ WeLdid

v
y e Va3 5),
at L, L L L

q q q q

W, = pw,, (3.17);
T, =15p((Ly — Ligl, +i,4) (3.18);

65



Here, Lg, Ly and Las, Lgs are the inductances and leakage inductances (H) of d and q axis
respectively; Lisis the stator leakage inductance; ig, isand Vg, Vyare the stator currents
and voltages; R; is the stator resistance in ohms (Q); Ao is the magnetic flux in Weber
(Wb); We is the electrical rotating speed (rad/s); p is the number of poles and Te

indicates the electromagnetic torque.

Figure 3.6: Park Transformation dq frame reference

g-axis d-axis
Equivalent Equivalent
Cilicuit Circuit
Rs - F L + Rs L - +
W o ]_O-—y AN/ (Y77 N
' ! N
We A @eliq w, Li,
Us

Figure 3.7: Q and D axis equivalent circuit respectively

Figure 3.6 shows the reference frame of Park Transformation whereas Figure 3.7
represents the equivalent circuit for d and g axis reference based on equation 3.12 (a)

and 3.12 (b). Ugand Uq represent the g and d axis reference voltage respectively.
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3.2.1.3. Multi-phase or 5 phase permanent magnet generator

The multi-phase has more slots on its stator to occupy more than 3 phase windings

[118]. It is known to offer a more power density and better efficiency. The

mathematical model included a multiple-reference-frame. The physical quantities of

the five phase generator were transformed into two rotating reference frames namely

d1qg1 and d2qg2. The d1g1 frame serves as the fundamental quantity operating at the

synchronous speed while the d2g2 acts as the third order harmonics of the system

operating at three times the synchronous speed. The transformation is given in the

following set of equation (3.19-3.27). The electromagnetic torque of the generator is

given by equation (3.28) where P, is the number of poles [118-121].

cosé cos(6 — 2—”) cos(6 — 4—”) cos(d + 2—”)
5 5 5
—sin® -sin(e—%”) —sin(e—%”) —sin(0+4?”)

2
Too(6,) = 3 c0s 360 0053(9—2?”) 0053(0—4?”) cos3(0+4?”)

1 1 1 1
2 2 2 2
) ) diy,
Vi =Ry — Wequlql + Ly, dt (3.20);
) i di
Vql = Rslql + We(Ldlldl + ﬂ’ml) + qu —. (3.21);

dt
V,, = Riiy, —3W,L_,i,, + Ldz%(&ZZ);

e q2'q
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( 5)
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( 5)
0053(9+2?”)

1

2

(3.19);



V,, =R

s g2

. di
a2 +3W, (Lyolyp + Ap) + qud_q;(3-23);

diy, _ Riy | Weblu Vo 13 )

dt Ly Ly Ly

diql — _Rsidz _ We(Ldlidl + /’i’ml)
dt Ly, L

Y/
+ L—ql (3.25);

ql ql

b Rer, b Ves )

dt Ly Ly, Ly
diq2 _ _RsiqZ _ 3W, (Lyslap + Anz) +\£ (3.27);
dt qu qu a2

T. = g P, (Anly + Analgn) (3-28)
Here, subscripts di1, g1, d2, g2 refer to the five phase quantities of Park
Transformation dqg frame; iql, id1, ig2, id2 and Vql, Vd1, Vg2, Vd2 are the stator
currents and voltages corresponding to the rotating reference frame, Ld1, Lgl and
Ld2, Lq2 are inductances(H) of the generator on the d1g1 and d2q2 axis respectively,
Rs is the stator resistance in ohms(Q), A1 and A2 are the permanent magnetic flux in

(Wb).

3.2.1.4. Double stator permanent magnet generator

As the name implies, it has two stators operating with one rotor. It is much preferable
to a single stator construction due to its high torque rating [120]. The dual stator
configuration is to have two sets of three phase stator windings. Figure 3.8 shows the

2 sets of dq axis frame for Dual Stator PMSG.
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Figure 3.8: dg frame reference of Park Transformation for Dual Stator PMSG

All the physical parameters of the two windings will be made the same for the analysis.

Equations (3.28-3.21) are the Park Transformed dq axis frame representation.

: di .
_ dl
Uy = _Rslsdl - Lsd dst + a)squlsql (3.28)
. diSql . _
usql - _RSISql - qu dt - Lsdlsdl + a)s‘Pf (329),
— R 1 disdz H
Ui, = —Rlggp — Lsd dt + qulsqz (3.30);

o,
usq2 = _Rslqu - Lsd d_sz_ a)sLsdlst + a)sLPf (3.31));

3

gn [_\Pf (isql + isqz) + (Lsd - qu)(isdlisql + isdzisqz)] (3-32)/'

Equations (3.28-3.31) represent voltage equations to 1st and 2nd set of three phase

T, =

winding respectively where usd1, usd2, usql, usq2, isd2, isd2, isql, isq2 are the
voltages and currents of two sets winding respectively. Here, Rs is the stator
resistance, Lsd and Lsq are the inductance components in the d- and g- axis, ¥fis rotor
flux produced by permanent magnet and ws is the rotor electrical angular speed [122].
The electromagnetic torque (Te) of the generator is given by equation (3.32) where P,

is the number of poles [122].
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3.2.2. Modelling in SIMULINK

The mathematical models of each type of generator were implemented in SIMULINK.

Inverse Park Transform function is applied at the end of the model to bring back the

original frame to get the terminal data. Figure 3.9 shows the process flow method for

building up the model. Figure 3.10, 3.11(a) and 3.11(b) represent the ‘Mask Model’ of

3-phse, 5-Phase and Dual Stator PMSG respectively whereas figure 3.13 shows the

entire Simulink model.
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Figure 3.11 (a): Mask Model of 5-Phase PMSG
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3.12: Matlab Simulation of 3-Phase, 5-Phase and Dual Stator PMSG for VAWT

3.2.2.1. Simulation under Mask inside details:

The mechanical torque produced by the wind turbine is received by the generator

model as an input. As it can be seen in figure 3.13, for the 3 Phase PMSG, the
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mechanical torque from the wind turbine serves as an input. Based on equations,
mentioned above earlier, and the electrical rotating speed used in those equations,
the dq reference currents Id and Iq were constructed. For dg-abc transformation of
the currents, the theta from the swings equation was used. Then abc current was fed
to a load. Inside a closed loop operation, the acquired voltage, across each phase of
the load, later converted to Vd and Vg which were fed back into the Id and Iq
formulation design. In the same way, for 5-phase, the mechanical torque from the
wind turbine was put into the swing’s equation subsystem. The abcde currents were
fed to a load as it can be observed from figure 3.14. By using voltage measurement
blocks, the voltage across each phase of the load was obtained, the value of which
was then converted to dqd2qg2 reference frames to be fed back into the currents
formulation design. Subsequently, the design of 3 Phase was identical to that of Dual
Stator but two stators shared one rotor in this case (Figure 3.15). For each of the
stator, the abcde current was fed to the load and the voltage across each phase of the

load was converted to Vd and Vq to be fed back into the Id and Iq formulation design.
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Figure 3.15: Under Mask SIMULINK details of Dual Stator PMSG
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3.2.3. Parameter Details

In order to make the system less complicated, PMSG stator resistance, stator
inductance, PMSG flux linkage were considered to be same value although in the
practical system it may not be same always. Having been done with the Research
conducted on previous works in this field [123-127], VAWT and PMSG parameter

configuration is given in the following table.

Table 3.1: PMSG Design Parameters

Parameter Value 3 phase PMSG 5 phase PMSG Dual stator PMSG

VAWT Radius 1.5m 1.5m 1.5m

VAWT Area 2.25m? 2.25m? 2.25m?

Air density 1.225 kg/m? 1.225 kg/m*  1.225 kg/m’

PMSG Stator Resistance 0.435 Q 0.435 Q 0.435 Q
PMSG Stator Inductance 0.199H 0.199 H 0.199 H
PMSG Flux linkage 0.07 Wb 0.07 Wb 0.07 Wb
PMSG Mass Inertia 0.089 kgm? 0.089kgm 0.089 kgm?
Nominal Frequency 60Hz 60Hz 60Hz

PMSG Pole Number 4 4 4

PMSG Load

As different parameter configurations can be observed from table 3.1, the load on the
generator was fixed at 10KW. In order to compare all the three types of PMSG
generator, a higher rated output power was chosen. For low rated power load,

generator output might not vary sufficient enough for all three types. Therefore,
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generator load was chosen as 10KW. Here, wind speed was varied as external input
and turbine radius, height, area and generator pole, friction factor were changed one
by one keeping the others fixed. Rotational speed, torque and power had been
achieved, tabulated and graphically analysed. On the other hand, the voltage and
current drawn by the generator were also collected for further analysis. PMSG Friction
factor is related with Maglev. Implementing Maglev in the system will reduce the
friction factor to almost zero. Therefore, friction factor also varied as an

implementation of Maglev to observe the voltage and power efficiency.

3.3. Optimization of Permanent Magnet Synchronous Generator based
Vertical Axis Wind Turbine

MODELLING IN
SIMULINK in comparison 5| DEFINE PARAMETERS AND OPTIMAL
with Malaysian Existing VARIABLES DIMENSIONS
Model
Macl COMPARE AND EVALUATE
aglev RESULT (LATER CHAPTER)

Figure 3.16: Process Flow Chart of Section 3.2
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Existing Wind Turbines in Malaysia

Table 3.2: Case 1 Configuration [128]

Location Turbine Type Turbine Turbine Generator Generator Generator
Height Diameter (m) type Drive Power rating
(m) (W)
Shah Alam 3 Bladed H 2.14 0.5 PMSG Direct 700
Type VAWT Drive

Table 3.3: Case 2 Configuration [129]

Year Location Turbine Turbine Turbine Generator  Generator  Generator Power
Type Height Diameter type Drive rating (W)
(m) (m)
2013 Kuala VAWT 1.5 0.5 PMSG Direct 1000
Terenganu Drive

Table 3.4: Case 3 Configuration [130]

Year Location Turbine Turbine Turbine Generator Generator Generator Power
Type Height (m) Diameter type Drive rating (W)
(m)
2015 Johor Savonius 15 1 PMSG Step Up 2000
Baru VAWT Gearbox
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Table 3.5: Case 4 Configuration [131]

Year Location Turbine Turbine Turbine Generator  Generator Generator
Type Height (m) Diameter type Drive Power
(m) rating (W)
2007 Pulau HAWT Unknown Unknown Unknown Step Up 100k
Perenthian Gearbox

Table 3.6: Case 5 Configuration [132]

Year Location Turbine Turbine Turbine Generator  Generator  Generator
Type Height (m) Diameter type Drive Power
(m) rating (W)
2012 Penang VAWT 10 1 PMSG Fixed 2000
Drive

This section focuses on developing an optimal system of Vertical Axis Wind Turbine
(VAWT) for low wind speed. After observing the current available system
configurations in Malaysia, it was obvious that most of the turbines used Permanent
Magnet Direct Drive generator. Therefore, PMSG was used in Simulink to get the
optimized result. Turbine height was varied from 1m to 2.6m in different models in
the above case examples whereas the diameter was from 0.5m-1m. Therefore, in
simulation, a set of height and radius starting from as low as 0.5m was taken. After
studying the performance analysis of the turbine parameters for speeds less than 5
m/s, a realistic model was designed in Matlab/ Simulink that could produce suitable
torque for low wind condition.

The turbine design parameters such as the radius, height and wind speed were varied

to observe the change in generator output voltage and power; and based on that, an
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optimal design for Permanent Magnet Synchronous Generator was proposed that can
be observed in the result section.

The simulation results were performed with Permanent Magnet Synchronous
Generator applying the optimized turbine parameters and were compared
accordingly for error calculation. Lastly, future possibility of improvement and the

limitations had been proposed to develop the system further.

3.3.1. Modelling

At first, the mathematical formulas of VAWT and PMSG had been put into the design
in SIMULINK for both VAWT and PMSG. As far as the turbine concerns, radius, wind
speed, area, the power coefficients and pitch angles were made to be the variables
whereas turbine mechanical speed, output torque and power were taken as turbine
output. Next, three phase Axial Flux PMSG was designed and in the same way
simulation was performed for different values of turbine mechanical torque and RPM
whereas on the other hand, load voltage, current and power were taken as the output

of the generator.
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The generator mask model, as shown in the figure 3.18.a, takes the mechanical torque

generated by the wind turbine as an input and gives out the abc phase currents and

voltages. The variables used in this model are d axis equivalent inductance Ly in Henry,
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g axis equivalent inductance Lg in Henry the stator resistance Rs in Ohms and A, the

flux of the permanent magnetic in Wb.

Based on the equations in the previous section [Equation 3.12 — 3.18], the model
blocks were designed. Park transform and the swings equations subsystems were
essential in the design; they form the backbone of the entire blocks setting. The figure
below shows the under the mask look of the 3 phase permanent magnet synchronous

generator.

The mechanical torque from the wind turbine serves as an input to the swing’s
equation subsystem where Equation 3.9 and 3.10 were implemented in order to get
the angular position of the rotor (theta, @) and the electrical rotating speed of the
generator (We). Figure 3.18.b is the subsystem for implementing the Swing’s

Equation.
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Figure 3.18.b: Modelling of PMSG, Subsystem for Swing Equation

o b

Vq

A

Vb

A

Vc

A

COS |«

vd
sin

Figure 3.18.c: Modelling of PMSG
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The dg reference currents Id and Iq were achieved implementing Equation 3.15 —3.16.
The theta from the swings equation is used for abc-dq transformation as describe by
Equation 3.6-3.8. Figure 3.18.c shows the Park Transformation subsystem in Simulink.
The generator output current is fed to a load which is located outside the mask model

(Figure 3.17). The entire cycle is confined in a closed loop continuous operation.

3.3.2. Parameter Designing

Table 3.7: VAWT & PMSG Parameter Configuration for optimization

Parameter Name

Air Density
Pitch Angle
Cp
Wind Speed
Turbine Height
Turbine Radius

PMSG Stator Phase Resistance

Inductance (d,q)
Flux Linkage

Inertia
Nominal Frequency

Value

1.225kg/m?®

2m/s-7m/s
Varying
Varying

14 ohm

0.8mH
0.175V.s

0.089J
S50Hz

The stator resistance of the PMSG was taken as 15 Q; the inductance was taken as
0.8mH; the flux linkage of magnet was 0.175 Wb and mass inertia was considered to
be 0.089 kg/m?. Research had been made on previous works conducted in this field
and for the sake of simulation these values were taken as a standard basis [123-128]
[133-134]. It is important to note that the Stator Phase Resistance, Inductance, Flux
Linkage etc. are not the optimized value for this experiment; rather this set of value,
based on previous work, was chosen to apply in all three types of generators in order
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to see which type gives the best output. The objective was to observe the change in
output power and torque and set turbine radius and height as well as generator rated

power, voltage and pole pair.

3.4. Low Cost System Optimization for Rural Malaysia

This sub-chapter discussed the two system configuration in brief and came up with a

low cost system which was then sent for fabrication.

A simple but effective ‘Weight to Power Ratio’ technique was used here.

‘Weight to Power Ratio’ is commonly applied to power sources in order to find out the
relative cost effective but yet efficient unit or design being compared to a second unit
or design. It simultaneously represents efficiency and cost-effectiveness together and

indicates which design is better in terms of percentage. [135] [136]

It is important to note that this model tells a relative cost effective scenario in terms
of ‘Kg/W’ or ‘m?/s¥. It is a measurement of relative cost-effective performance of any
engine, motor, generator or power source. It is also used as a measurement of
efficiency of a system as a whole, in here, which is the weight (m) of the entire system

(PMSG adopted to VAWT) being divided by the PMSG rated output power (P).

It is noteworthy to mention that in ‘Weight to Power Ratio’, ‘Weight’ in this context
means ‘Mass’ (m). Weight is the colloquial term often used instead of mass and since

then ‘Weight to Power Ration’ has been conventionally used. [135-137]
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Physical Interpretation:

m
WPR = — (333)

~ —_—= t
W mnt®/m

WPR,— WPR,

Efficiency, n = WPR
1

x 100 % (3.34)

After applying the cost effective technique in the two configurations achieved from
the simulation, the better model, in terms of low costing, was sent for fabrication.
Lastly, the configuration was also compared with the current existing wind turbines of
Malaysia. The brief description of the wind turbines found in rural Malaysia in

operation is given as follows:

Cost Analysis of different existing Vertical Axis Wind Turbine Models in Rural

Malaysia

Case 1- System configuration and Cost Analysis of H Type VAWT in Shah Alam [128]

Since 2007, in Shah Alam, a 3 bladed H type Vertical Axis Wind Turbine has been
operational. The turbine was developed by A. Hossain, A.K.M.P Igbal, M. Afrin and M.

Mazian. A belt power transmission system was used which was designed at the
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Thermal Laboratory of Faculty of Engineering, University Industri Selangor. With a
diameter of 0.5m and height of 2.1336m, the turbine cost was USD253. The generator
capacity was 700W. The price of the generator was not mentioned; however in
Alibaba.com, the price of 700W PMSG was stated around USD840. Together with the
generator the overall price of the turbine with belt power transmission was roughly

USD1093. However, the turbine was not able to perform less than 6m/s.

Table 3.8: Case 1 Configuration and Overall cost

Inventor Year  Location  Turbine Turbine Turbine Generator Generator Generator  Overall
Type Height Diameter type Drive Power Cost
(m) (m) rating (W) (USD)
A.Hossain, 2007 Shah 3 2.14 0.5 PMSG Direct 700 1093
AKM.P Alam  Bladed Drive
Igbal, M.
aba H Type
Afrin
VAWT

Case 2- System configuration and Cost Analysis of Savonius VAWT in Kuala

Terenganu [129]

A. Albani and M. Z. Ibrahim (2013) developed a Vertical Axis Savonius wind turbine
which was in operation at Kuala Terenganu. The diameter of the turbine was 0.5m
whereas the height of the turbine was 1.5m. A 1IKW Permanent Magnet Synchronous
Generator was Chosen for the turbine. The turbine was designed to work in low wind
speed and it could work under 4m/s wind speed. The cost of the turbine was 250USD.
The turbine used to produce 2.4W in 4m/s. The overall cost including the 1KW

Permanent Magnet Generator was 1780USD.
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Table 3.9: Case 2 Configuration and Overall cost

Inventor Year Location Turbine Turbine Turbine Generator Generator Generator  Overall
Type Height Diameter type Drive Power Cost
(m) (m) rating (W) (USD)
A. Albani, 2013 Kuala VAWT 1.5 0.5 PMSG Direct 1000 1780
M.Z. Terenganu Drive
Ibrahim

Case 3- System configuration and Cost Analysis of Savonius VAWT in Johor Baru [130]

A.S.M.F Aljen and A. Maimun proposed a small current electric turbine system in Johor
Baru which could possibly be implemented in rural areas and islands in Malaysia. The
developed 4 bladed vertical axis wind turbine was based on Savonius rotor and a 2KW
Permanent Magnet Generator was used in their design. The system weighted 57Kg.
The diameter of the turbine was of 1m and the height was 1.5m. The turbine used a
speed up gearbox that weighted 11kg. In Alibaba, the price of the entire system

without the gearbox is more than USD2500. The Cut-in speed of the turbine was 3m/s.

Table 3.10: Case 3 Configuration and Overall cost

Inventor Year Location Turbine Turbine Turbine Generator Generator Generator  QOverall
Type Height Diameter type Drive Power Cost
(m) (m) rating (W) (USD)
AS.M.F 2015  JohorBaru = Savonius 1.5 1 PMSG Step Up 2000 2500
Aljen, VAWT Gearbox
A. Maimun
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Case 4- System configuration and Cost Analysis of VAWT in Pulau Perenthian [131]

In 2007, Malaysian Government along with Kuala Terenganu’s State Government
under Joint Venture Partnership established a project in Pulau Perenthian to integrate
power supply. The project includes setting up two wind turbine, one Solar Panel, one
Generator and a battery. Both the wind turbine units were of 100KW each and were
only operational above 6m/s. The estimated cost was for installing a 100KW turbine

was more than USD180000.

Table 3.11: Case 4 Configuration and Overall cost

Inventor Year Location Turbine Turbine Turbine Generator  Generator Generator  Qverall
Type Height (m) Diameter type Drive Power Cost
(m) rating (W) (USD)
State Govt. 2007 Pulau HAWT Unknown Unknown Unknown Step Up 100k 180k
Perenthian Gearbox

Case 5- System configuration and Cost Analysis of VAWT in Nibong Tebal, Penang
[132]

M.E. Al, N. Mohammed and N.H. Hariri installed a low wind speed turbine in Nibong
Tebal, Penang in the year of 2012. The turbine was rated 2KW and the height was
10m. It was operational at 6.1m/s and the estimated cost was USD2500. It was located

at the Engineering campus in University Sains Malaysia and was operational for 2

years.
Table 3.12: Case 5 Configuration and Overall cost
Inventor Year Location Turbine Turbine Turbine Generator  Generator Generator  Overall
Type Height (m) Diameter type Drive Power Cost
(m) rating (W) (USD)
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M. 2012 Penang
Mohammed,

N.H. Hariri

VAWT

10

PMSG Fixed 2000

Drive

Configuration of Proposed VAWT System 1 and Cost Analysis

The 1% proposed optimized system of this research includes a 3 bladed VAWT with
1.5KW Permanent Magnet Synchronous generator with Maglev implementation. The

height of the turbine was 2.6m whereas the diameter was 1m. The fabrication cost

was in total USD1500.

Configuration of Proposed VAWT System 2 and Cost Analysis

The proposed optimized system of this research includes a 9 bladed VAWT with 200W
Permanent Magnet Synchronous generator with Maglev implementation. The height

of the turbine was 0.6m whereas the diameter was 0.29m. The fabrication cost was in

total USD310.

Table 3.13: Proposed System Configuration and Overall cost

Inventor  Year Location

Proposed 2016 UNMC,

System 2 Selangor

Proposed 2016 UNMC,

System 2 Selangor

The cost analysis comparison table with optimized proposed configuration is given in

the result chapter.

Turbine

Type

Bladed
VAWT
Hybrid

VAWT

Turbine
Height

(m)

2.6

0.6

Turbine

Diameter

89

(m)

1

0.29

Generator

type

PMSG

PMSG

Generator Generator  QOverall
Drive Power Cost
ting (W
rating (W) (USD)
Direct 1500 1500

Drive

Direct 200 310

Drive

2500



3.5. Laboratory Prototype of Vertical Axis Wind Turbine

The aim of this section is to observe, before sending the original hardware design for
fabrication, whether the impact of the design parameter is synchronizing with
simulation result or not. Figure 3.16 shows the process flowchat of this section. It
presents a VAWT, designed using magnetic levitation (Maglev), adopted to a
Permanent Magnet Synchronous Generator (PMSG). A lab prototype of VAWT was
built which was run at low wind speed of around 3 to 5 meter per second. The bearing
was replaced by Neodymium Magnet to avoid the friction which in turns reduces the
losses and increase the efficiency. A Prototype version of PMSG was built which could
generate voltage from the turbine even in low rotational speed. Suitable turbine blade
angle was also determined using trial and error method. The aim of this section is to
observe whether the impact of the design parameter is synchronizing with the

performance wise before sending the original design for fabrication.

A. VAWT: HARDWARE .
ARCHITECTURE 2R%M?$EE$S§¥VARE
*Designing of VAWT EEN
* Turbine Height & Radius -I\D/Izsg;ggtoljozmgrﬁng
« Aerofoil Designing «Pole Arrangements
+Blade Pitch Angle |
v
D. DATA COLLECTION
C. MAGLEV: PROCESS
HARDWARE ARCHITECTURE | > *DAQ
*Magnet Selection *LAVBIEW
*Maglev Implimentation +ENCODER
F. RESULT,
ANALYSIS &
CONCLUSION
(LATER CHAPTER)

Figure 3.19: Block diagram of Methodology Summary
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3.5.1. Hardware Architecture
3.5.1.1. VAWT Design-
The design of VAWT included eight half-oval shape blades as aerofoil attached in
between a drum set (figure 3.20). Direction of the blades are set in such a way so that
the pitch angle can be varied from 0 to 180 degree (Figure 3.21). All the blades were
placed in a circular shape at a same distance with the curve of the drum set. The whole
wind turbine was made of plastics material providing a light weight and low cost
(figure 3.22). The length of the blade, that was also the height of the turbine, was
60cm, the aerofoil chord diameter was 6.5cm and the radius of the turbine was
14.5cm. The shaft, passing through the centre of the surface from the bottom to the

top, was made of wood.

—

Top Surface

Rotor Blade

8
ANS s

., Bottom Surface

Shaft Rotor

Figure 3.20: Hardware Architecture- Design of VAWT
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Figure 3.22: Hardware Architecture- Prototype of VAWT

3.5.1.2. 3-Phase PMSG design:

Synchronous Generator was used for the system. The magnetic poles were varied
from 2 to 8 poles and they were attached to a stainless steel casing. Three phases of
permanent magnet synchronous generator is use for transferring the kinetic energy
to electrical energy. The PM was designed with 2, 4 and 8 poles respectively. The
magnetic poles were placed diagonally to each other and they were glued with epoxy

on the inner sides of the casing. Stainless steel was used as a casing to avoid corrosion.
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Figure 3.23 shows the arrangements of the magnetic poles attached to the casing

whereas Figure 2.24 shows the pole arrangements inside PMSG.

Figure 3.23 (a): 4 poles Arrangements Figure 3.23 (b): 8 poles Arrangements

Figure 3.24 (a): Magnet poles glued with Figure 3.24 (b): 4 Poles 3-Phase PMSG

epoxy on stainless steel casting

3.5.1.3. Maglev Implementation with Neodymium Magnet:

The Neodymium NX8CC-N42 magnets were used for the Magnetic Levitation. These
magnets were nickel plated to enhance and protect the magnet itself. Two magnets
having the same poles were faced to each other to create a repelling force, thus can

levitate the whole turbine without attaching it with the shaft reducing the friction loss
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of the system. Figure 3.25 and 3.26 show the magnets which were placed in the shaft

of vertical axis wind turbine.

Farce

e Turksine|

Fepelling
Fores

Figure 3.25: MAGLEV
Figure 3.26: Maglev implementation
arrangements

This maglev technology, served as a useful replacement for ball bearings reducing
friction loss to almost as negligible to null. Here Maglev was implemented between
the rotating shaft of the turbine blades and the base of the wind turbine system (figure
3.25).
3.5.2. Data Collection Process

Two standing fans were used to give wind speed to the wind turbine. While the wind
turbine was spinning, the generator used to produce an AC output voltage which was
measured by multimeter. The set-up included a rotary encoder kit (REO8A) followed
by NI-USB 6212 Driver which was connected to a laptop. The rotary encoder kit had a
5V power supply from NI-USB 6212 Driver while NI-USB 6212 Driver had power supply
from laptop/computer. REO8A is a rotary encoder kit which can convert the data of
rotary motion into a series of electrical pulses which is read by controller. When one
specific end of the turbine detects one rotation of the turbine, the LED sensor will be
turned off and the signal will be sent to NI-DAQ driver which is used for data

acquisition (DAQ). LAB View Signal express 2011 program collects the signal from NI-
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DAQ driver and gives a digital input. The RPM will then be calculated from the interval
of two complete rotations of the turbine. The system was then experimented with
some other parameters, giving different speed of wind turbine for rotating and

different angle of blades. All the readings were taken down and recorded.

1-

0-7 v 0 | L ! ! i
15:15:30.3%  15:15:35.336 15:15:40.336 15:15:45.336 15:15:50.336 15:15:55.3% 15:16:00.336 15:16:0

Figure 28: Rotary Encoder Kit (sensor)

Figure 27: Time interval recording
Angular Speed of the turbine was measured with the equations below:
The time interval and the number of revolute by the wind turbine are recorded and

then calculating to the revolution per second.

number of turns of wind turbine revolute

rev/s = time interval (3.33)
It is converting to revolution per minute,
rpm = % * 60 (3.34)
However, it is changing to angular velocity, w, (radian per second)
. rev
angular velocity, w = —* 60 (3.35)
linear velocity,V (m/s) = wr (3.36)
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Is
NI-USB 6312 driver
working properly?

Yes |

/ Encoder configuration /
!
Selecting NI-USB 6312 driver’s input port
from encoder

.

/)assing the wind turbine through the sensor/

|

Green light will light up

v

Signal detected in
Lab View SignalExpress

—+ | Output zero (0)

program?
Yes |

Green line’s amplitude will be one (1)

Figure 3.29: Flowchart for data collection from encoder procedure
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3.5.3. Experimental set-up

Figure 3.30 explains the overall working process of the laboratory set-up in-brief.

Wind Turbine System

Signal detected Voltmeter

y

Rotary Encoder Kit

Input the signal Port(PO1)
A

NI-USB 6212 Driver

Collect input signal

Y

PC/Laptop

Fig. 3.30 Overall hardware setup for the system.

Figure 3.31: Experimental Set-up

Figure 3.31 shows the experimental set-up where the turbine was being rotated with

external fans and open circuit voltage was measured by a multimeter. Encoder was

passing the signal to Labview through DAQ.

97



3.6.

Energy Harvesting Circuit

SECTION 1: SYSTEM
ARCHITECTURE

« System Layout
+Schematic Design
+Component list

SECTION 2: HARDWARE
DESIGNING

* Supercap Bank
*Power Electronics

* Transducer
«Component Testing

v

CIRCUIT

*PCB Design
«Circuit Testing

SECTION 3: ENERGY HARVESTING

*Hardware Implementation

v
SECTION 4: SOFTWARE
ARCHITECTURE
« Arduino SECTION 5:
*DAQ > EXPERIMENTAL SETUP
Labview
« Interfacing
|
V
SECTION 7:
PERFORMANCE
ANALYSIS (Later
SECTION 6: | Chapter)
TROUBLESHOOTING *Result
»Discussion
»Future Work
»Conclusion

Figure 3.32: Block diagram of Data Flow for Energy Harvesting
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3.6.1. System Architecture

From the previous findings, the specifications of MagLev VAWT with PMSG that was
chosen for the energy harvesting is given as follows:

Table 3.14: System configuration for Energy Harvesting Circuit

Wind Speed : 5m/s
Height : 60 cm
Radius : 14.5cm
Number of : 9
blade
Phase : 3-Phase
Rated Power : 200W
Rated Voltage : 12V
Diameter : 16cm
12.5kg
Generator Open Circuit : e 8V
Open Voltage (Wind
Circuit Speed
performance 5m/s)
e 6.5V
(Wind
Speed
4m/s)
e 35V
(Wind
Speed
3m/s)

As discussed in the literature review, battery and supercapacitors are used together
to form a hybrid system. For our circuit, such hybrid energy harvesting device was
considered. It was deliberated previously that battery has higher ESR comparing to
Supercapacitor which results in high internal loss, thus less efficient compared to

supercapacitors. In addition, voltage coming from the generator of turbine is not
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constant, wind dependent and may fluctuate. Therefore, a combination of
supercapacitor and battery is needed to be employed. Moreover, it can be observed
from table 3.14, the highest open circuit voltage ranges from 3.5V to 8V for our low
wind speed configuration. As far as low voltage concerns, for batter selection, we are
left with two choices; either to work with a battery 6V or 12V. Since we are dealing
with low voltage, stepping up a low voltage input to 12V, that has a minimum range
of 3V, will result the small amount of current to be stepped down in even smaller
amount. With a view of the facts stated above, it was decided to use a 6V battery that
has to be charged by the turbine. A Supercapacitor bank were to be placed before the
battery which would be charged up by taking the voltage generated from the turbine
and subsequently would be discharged through the battery. Since the battery needs a
constant voltage for charging up, the system needs of a DC DC boost converter in
between the Supercapacitor Bank and Battery give a constant stepped up voltage to
the battery while the Supercapacitor bank is being discharged. The field testing was

limited to laboratory.
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Figure 3.33: Schematic Diagram of System Architecture of Energy Harvesting system

The above is the schematic diagram of the system architecture. Few LED lights along
with a 4340hm resistor were put as loads to discharge the battery.
3.6.2. Hardware Designing
3.6.2.1.  Selection of Supercapacitor Bank
As a part of the hybrid energy harvesting, supercapacitors were used to store the
charges initially generated by the turbine. In this project, to form a supercapacitor
bank, four supercapacitors of 35F each, manufactured by Cooper Bussmann with

voltage rating of 2.7 V were placed in a series connection.
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Figure 3.34: Configuration of Supercapacitors on Stripboard

When four supercapacitors are linked in series, total operating voltage, Vt:

Ve=V1+V2+V3+V4=27x4=10.8V

When four supercapacitors are linked in series, total capacitance, Ciotq1 »:

1
Ctotal IS N
Ci C2 C3 Cyu

=+ = 8.76F

35+35+35+35

As a result, a supercapacitor bank with 8.75F capacitance and voltage rating of 10.8V

was assembled.

3.6.2.2. Selection of Rechargeable Battery:

There are many variations of batteries present today. Choosing the other part of
hybrid energy storage, either non-rechargeable or rechargeable, with different types;
such as lithium-ion, lead-acid, nickel-metal-hydride and several more, can be
confusing. Comparing to supercapacitors, batteries generally have high power

densities, low self-discharge rate and costs less. There are still many negative factors
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affecting the batteries such as temperature, slow charging time, low energy density
and short life cycle even though they are widely used [136].

Although there were a few better batteries found in the research but they were
excluded from the list due to the cost-effectiveness and maintenance difficulties. For
example, as a result of additional protection circuit requirement, Li-lon batteries was
omitted; even though have high efficiency and cycle life. Considering all the facts,
because of having the optimum characteristics, lead-acid battery remained as the best
choice. Throughout this project, a 6 V (3.2AH/20HR), 3 cells, lead-acid battery (figure

3.35), manufactured by Yokohama, was chosen.

Figure 3.35: 6V Yokohama Lead Acid Battery

3.6.2.3. DC-DC Boost Converter

As per the schematic diagram of hardware architecture, a DC DC Boost Converter was
used in the system to give a constant voltage of 7.5V to the 6V battery. The “LT1303"
micro-power step-up high efficiency DC/DC converter was chosen as they were ideal
for use in small, low-voltage battery operated systems. An adjustable version of
LT13035 is LT1303 which can supply an output voltage up to 25V. The circuit diagram

of LT1303 converter is shown in Figure 3.36.
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Vin sw
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— —100pF LT1303

+
FB ——100pF
GND PGND R1
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= 13037A03

= R2
Vout = 1.24V(1 i R1 )

Figure 3.36: Circuit Diagram of LT1303

As suggested in the diagram, an inductor, L1 of value 10uH and capacitors 100uF were
connected. Since the constant charge cycle of the battery ranges from 7.4V-7.5V, it
was therefore set to 8.18V. The voltage was expected to drop down by 0.6V-0.7V after
the load connection, therefore the output at DC DC converter was set as little high.
The ratio of resistors R1 and Rz was set in order to achieve the desired output. The

output voltage can be calculated as shown:

560K
VOUT =1.24 (1 + m)

Figure 3.37: Configuration of LT1303CN8 on Stripboard
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By setting the R1 = 100k and R, = 560k, a constant output voltage of 8.18V can be
produced at Vout with the minimum input voltage, Vin, as low as 3.5V. For testing
purpose, a power supply was used to input different voltage to study the performance

of the converter.

e=gmmOutput Voltage, V/V

Output Voltage
o = N w B (6, (o)} ~N [0} (e}

o 1 2 3 4 5 6 7 8
Inout Voltage

Figure 3.38: Analysis of converter output voltage for a set of input

3.6.2.4. Switches/ MOSFETS:

To control the charging and discharging algorithm of the supercapacitors bank and
rechargeable battery, two N-channel MOSFETs were used to act as a switching circuit
in this project. In order to verify the suitability and validity of the use of N-channel
MOSFET several tests had been carried out. When a PWM pulse with amplitude of 1V
was connected to the gate to source; the MOSFET was off. On the other hand, when
a 4.8V PWM pulse was applied to the gate to source, it can be seen from figure 3.39
(b) that the MOSFET was switched on. In this project, a 5V PWM was used from

Arduino to turn on the MOSFET and OV to turn off.
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Figure 3.39 (a): Analysis of MOSFET when it  Figure 3.39 (b): Analysis of MOSFET when it
is turned off using Oscilloscope is turned on using Oscilloscope

3.6.2.5. Transducers

A vital role in monitoring the physical quantities of an electrical circuit is played by the
transducers or sensing circuits. Aiming to provide a corresponding output efficiently
and controlled decisions and adjustments, the converted electrical or optical signal
obtained from sensing parameters are fed into a microprocessor. The current and

voltage transducers used in the system are as follows.

e Current Sensing Circuit:

Current monitoring is a fundamental technique in many electronics systems. A sense
resistor is placed on the high side, located in between the supply voltage and load, for
a high-side current sensing circuit as shown in figure 3.40 (a). For a low-side sensing
(figure 3.40 (b)), a sense resistor is placed on the low-side, which is connected to the
load and grounded on the other side [138-140]. A high-side current sensing is
preferred if the generated current from the wind turbine is basically the measured
current flowing through the load [139] [140]. Therefore, for our energy harvesting

circuit, a high-side current sensor was chosen.
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SUPPLY SUPPLY

R SENSE
SENSE AMPLIFIER

LOAD Rsense

Figure 3.40 (a): High-side Current Figure 3.40 (b): Low-side (right) Current
Sensing Circuit Configuration Sensing Circuit Configuration

Here, a low offset high-side current monitor, namely ZXCT 1022, was used to read the
value of current. The circuit diagram and the stripboard form are shown in figure 3.41
(A) and 3.41 (b) respectively. It is noteworthy to remark that value of Rsense Was set to
the 0.1Q and Vout was connected to the analog input pin of the Arduino
microprocessor. The actual current flow in the load was measured using a Multimeter

and recorded to observe the accuracy.

50723

Vin Risense To load

GND Vot ZXCT 1022

? |3 Vout Current Sensor
0.1 Q

= Shunt Resistor

Figure 3.41 (a): ZXTT Current Sensor Pin Figure 3.41 (b): Configuration of Current

configuration and Circuit diagram Sensing Circuit on Stripboard
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Percentage of Error: Actual Current Vs Measured Current

B Current Measured, I/mA mm Actual Current,l/mA <—Error Percentage
A &
8.67 - 8.33
7

Figure 3.42: Accuracy of Current Transducer

Result shows a highest 8.67% fluctuation from the original value. Now it was high
percentage of error if higher amount of current was supposed to be measured. But
since throughout the process, a very low amount of current (mA range) would be dealt

with, the error percentage would not matter a little for the project.

e Voltage Sensing Circuit:

To sense the voltage input into a circuit, a voltage sensing circuit was used. A simple
voltage divider circuit was structured to detect the voltage in this project. The signal

is then processed and sends into the microcontroller as shown in figure 3.43.

+ Voltage to be

Microprocessor
Analog Input Pin|

Gnd

Figure 3.43 (a): Voltage Sensing Circuit
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im- L2

Figure 3.43 (b): Configuration of Voltage Sensing Circuit on Stripboard

The ratio of R1and Rz resistors should be a complete number so that the calibration in
the coding would be accurate to create an error-free voltage divider. Here, R1and R;
were set to be 10kQ and 100kQ respectively which were considerably large enough to
prevent current flow into the circuit. Again Multimeter was used to check the accuracy
of the circuit. Highest fluctuation measured was 0.93% making the circuit good enough

for the system.

Percentage of Error: Actual Voltage Vs Measured
Voltage

mm Voltage Actual, V Voltage Measured, V =<&=Error Percentage, %

125

Figure 3.44: Accuracy of Voltage Transducer
3.6.2.6.  Rotary Encoder
To measure the rotational speed of the wind turbine, a rotary encoder (figure 3.45a)
was used for this project. As presented in figure 3.45b, it was installed at the base of

the turbine. It could sense the rotation and send the signal to Labview through DAQ.

Simple digital binary signals of on and off was being used there. It sent logic high
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whenever the marked turbine blade cuts through the encoder; or else logic low. To

count the number of logic high per minute, counter was used in labview.

Figure 3.45 (a): Rotary Encoder REOSA Figure 3.45 (b): Rotary Encoder Installed

on Wind Turbine

RPM 142 Plot 0

11:34:46. PM 11:34:51 PM 11:34:56 PM 11:35:01 PM 11:3506. PM 11:35:11 PM 11:35:16. PM 11:35:25. PM
2/4/2016

Time

Figure 3.46: Rotary Encoder using LabVIEW

Figure 3.46 is an example of calculation of RPM from the labview. While the turbine
was rotating, encoder counted 15 spikes or logic high (15 complete rotation) in 40

seconds and calculated RPM as follows:

15 x60

Revolution per minute, RPM = =23 RPM

3.6.2.7. Anemometer
In this project, an anemometer, shown in figure 3.47, was used to measure the

wind speed. The measurements obtained from this particular device were in miles
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per hour (mph). Hence, the conversion of units from mph to m/s was required as

shown.

Figure 3.42: Anemometer

3.6.2.8.  Liquid Crystal Display (LCD)

In this project, for displaying of the power and most importantly the current flowing
through the load a ‘“16x2 LCD’ screen was used. LCD screen had to be connected to

Arduino.

Figure 3.43: LCD Screen Displays the Load Current and Power Consumption

Figure 3.43 displays the LCD screen of current and power consumed under a specific
load condition. A series of DC LED lights with 1kOhm resistor were used as load so that

the battery could discharge though it.
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3.6.3. Energy Harvesting Control System
In this energy harvesting system, switching circuit plays a vital role. Two N-channel
MOSFETs namely, P36NFO6L, with the aid of Arduino UNO microprocessor, were used
in this project to create the switching condition in energy harvesting circuit. A LED was

placed in parallel to the gate-source pin of the MOSFET for testing purpose.

Check Supercapacitor

Bank Voltage (SBV)
SBV>=7.5V SBV <4V
A
MOSFET 1: OFF MOSFET 1: ON
Disconnect from wind turbine to Charge supercapacitor bank

prevent overcharge

Check Rechargeable
Battery Voltage (RBV)

RBV>=6V RBV<6V

A y

MOSFET 2: OFF MOSFET 2: ON

Disconnect from Discharge from supercapacitor bank
supercapacitor bank to rechargeable battery

Replace fully charged
battery with depleted
battery

Figure 3.44: Flow Chart of Energy Harvesting Control Algorythm
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The indication of the MOSFET being turned on was figured by the LED. The decision-
making switching algorithm flow chart is illustrated in figure 3.44. MOSFET 3 is all time
turned off unless stated otherwise. It is significant to declare that even though the
MOSFET 3 does not have any role in the control system, it is put in the circuit if battery
needed to discharge to the load manually. Therefore unless stated otherwise,

MOSFET3 will be considered as an open circuit all the time.

3.6.3.1. Condition 1- Charging Supercapacitor from Wind Turbine Circuit

Figure 3.45 shows the supercapacitor charging circuit. This condition occurs when
Vsupercap Was less than 4V, MOSFET 1 was turned on so that the wind turbine could
charge up the supercapacitor bank. In this period of time, MOSFET 2 was turned off

which basically isolated the battery from the Supercap.
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Transducers &
Encoder

Labview Voltgae,
SO A%

Figure 3.45: Charging Supercap from VAWT
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3.6.3.2. Condition 2: Discharging Supercapacitor Bank to Rechargeable Battery

This condition occurs when Vsypercap is greater or equal to 7.5V, MOSFET 1 then was
turned off to prevent overcharging from the wind turbine, while MOSFET 2 was turned
on. At this point of time, the rechargeable battery was charged up to the battery rated
voltage, 6V. MOSFET 1 would be switched on again as soon as the voltage of

supercapacitor dropped to 4V (Fig. 3.46).
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Figure 3.46: Charging Battery from Supercap
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Until the battery was charged up to 6V, the charging and discharging process would
be continued. The MOSFETs placements in the stripboard of the energy harvesting
circuit was given in figure 3.47. Two LEDs are put aligned with the bias voltage. To
indicate its logic high close circuit status, LED would light on whenever the MOSFET

was turned on and vice versa.
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MOSFET
Switch 1

MOSFET
Switch 2

Figure 3.47: Configuration of Switching Circuit on Stripboard

3.6.4. Software Architecture

3.6.4.1. Sensing Circuit

int wolt_bate;
£loat wvoltage batt;

vold setup(){
Serial.begin{9600) ;
¥

vold loop(){
wvolt_batt = analogRead(A0);
woltage batt = volt bate®(5,0%211/1023);

}

Figure 3.48: Sensing Circuit Coding in Arduino IDE

As it can be seen in figure 3.48, the setup function was used to activate the serial
communications, at 9600 bits per second, between Arduino Board and computer. In
the main loop, a variable namely volt_batt was declared to store the resistance value.
The function analogRead was used to get the resistance value and fed into the Arduino

microprocessor. A float type variable (voltage_battery) was formed to store the value
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ranging from 0-1023 obtained from the resistance value, the corresponding value of

voltage could be converted using the following equation:

voltage_batt = volt_batt x 5.0 * 11 /1023 [ TR = 10k1+01kOOK = %],
1 2

The same concept was applied to the current sensing circuit. Since V = IR, the voltage
value obtained was divided by the resistance value to the corresponding magnitude

of current drawn in the circuit.

3.6.4.2.  Energy Harvesting Control System

if (woltage_cap >= 7.5]
{
digitalWrite (MOZFETL,LOW) ;
digitalWrite (MOSFETZ , HIGH) ;
'

m

lse if (woltage cap < 4

{

digitallWrite (MOSFETL , HIGH) ;
digitallWrite (MOSFETZ, LOW) ;
'

Figure 3.49: Switching Circuit Coding in Arduino IDE

Simply by setting the conditions of switching algorithm in an “jf” statement, the
switching circuit could be coded, after obtaining the desired voltage values as featured

in figure 3.49.

The basic working principle of this part of code is very simple. A signal “LOW”
corresponding to OV was sent to the Arduino digital pin assigned to “MOSFET 1”. As
soon as the voltage across the supercapacitor bank exceeded 7.5V, MOSFET1 would
be switched off to prevent overcharging. A signal “HIGH” which equals to 5V was sent

to Arduino digital pin “MOSFET 2” at the same time and the rechargeable battery then
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would be charged up by supercapacitor bank. Now, a signal “HIGH” would be sent to
one of the Arduino digital pins assigned “MOSFET 1” as soon as the voltage across
supercapacitor bank would smaller than 4V. A signal “LOW” equivalent to OV was sent
to Arduino digital pin assigned to “MOSFET 2” at the same time. This charging and
discharging of supercapacitor bank algorithm repeated simultaneously until battery

becomes fully charged.

3.6.4.3. DAQ & Labview

Data acquisition was implemented using NI-6212 device (figure 3.50). The graphical
user interface (GUI) for this project was created using LabVIEW. A user friendly GUI
enabled the user to be able to monitor and analyze data. Figure 3.51 shows the block
diagram of Labview interface whereas the front panel GUI of the LabView is shown in
figure 3.52 and 3.53(a). The parameters that can be monitored from this GUI are the
supercapacitor and battery voltage, current drawn by the Supercap while charging,
current drawn by the battery while the Supercap being discharged and the rotational
speed of the turbine through the encoder. The data from the graph could also be
exported to Excel. This enabled user to keep track and acknowledge the current status

of the system (figure 3.53b).

Figure 3.50: NI USB- 6212 DAQ

117



F Vi
= Wine ¥
£ o Voitage RPM Puises Troe =
bR . =-{o); e
Assan -+ g = @%m
o - B b 2
- — 3 . . 1}
0] 1]
Troe |
-8
Vo from sensor J Last Pulse
{8 time elapse
- >+ 480
20} ¥ Actual Ve (#7105t Puises) -
- e
RPM o
RPM 2
o
@ |
@ ¥ 5 L L Wmv«anr,-
time starnt e i
[} __radis |
"]

Figure 3.51: LabVIEW Block Diagram
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Figure 3.52: Front Panel of LabVIEW GUI Design
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A B C D E F G H

1 Time Supercapacitor 1 Time Supercapacitor 2 Time Supercapacitor 3 Time Supercapacitor4 Time

2 8:00:01 AM 1.7717 8:00:01 AM 1.1286 8:00:01 AM 0.0851 8:00:01 AM 0.0751 8:00:01 AM
3 | 8:00:02 AM 1.7717 8:00:03 AM 1.1311 8:00:03 AM 0.0876 8:00:03 AM 0.0776 8:00:03 AM
4 | 8:00:03 AM 1.7692 8:00:06 AM 1.1361 8:00:06 AM 0.0876 8:00:06 AM 0.0776 8:00:06 AM
5 | 8:00:04 AM 1.7692 8:00:08 AM 1.1386 8:00:08 AM 0.0876 8:00:08 AM 0.0776 8:00:08 AM
6 8:00:05 AM 1.7717 8:00:08 AM 1.1386 8:00:09 AM 0.0876 8:00:09 AM 0.0751 8:00:09 AM
7 | 8:00:06 AM 17717 8:00:11 AM 1.1436 8:00:11 AM 0.0851 8:00:11 AM 0.0776 8:00:11 AM
8  8:00:07 AM 17717 8:00:12 AM 1.1411 8:00:12 AM 0.0876 8:00:12 AM 0.0751 8:00:12 AM
9 | 8:00:08 AM 1.7692 8:00:14 AM 1.1461 8:00:14 AM 0.0876 8:00:14 AM 0.0776 8:00:14 AM

Figure 3.53 (a): Data exported to Excel spreadsheet from LabVIEW
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Figure 3.53 (b): LabVIEW Graph Panel GUI Design

3.6.4.4. Experimental setup
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Figure 3.54 and 3.55 illustrate the energy harvesting circuit built and the experimental set-up

of it respectively. The field testing was carried in the Research Building, Block N, University of

Nottingham Malaysia Campus.
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Figure 3.54: Energy Harvesting Circuit Built on Stripboard

Rechargeable AC/DC
Battery Rectifier

Laptop for
Data Logging

Voltage Energy Harvesting
Transducer Circuit Power Supply

Figure 3.55: Experimental Setup for the Integrated System
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Chapter 4

Results and Discussion

‘Results and Discussion’ chapter consists of 6 parts. First two parts provides simulation
result of VAWT and PMSG respectively. Third part brings the first two sections
together and gives entire simulation data of VAWT connected to PMSG which is
analysed further in comparison with rural Malaysian existing model. Part 4 includes
low cost optimization of the entire VAWT system for rural Malaysia. Here,
configuration of few existing wind turbine models is given with an overall cost for each
model. Later, our proposed system is compared in terms cost wise. Part 5 provides the
results of experimental set-up of a Laboratory prototype of a Maglev Based VAWT.
Part 7 makes available the battery charging result through the energy harvesting
circuit into three separate configurations and concludes the chapter with efficiency
comparison of energy harvesting circuit with direct charging of the battery from

turbine.

4.1. Design and Simulation of Vertical Axis Wind Turbine

4.1.1. Comparing the Simulation Data with theoretical value
At first a simulation was made to compare the result with theoretical value using
equations taken from mathematical model in the methodology. A set of values namely
‘Air Density’ of 1.23 kg/m?3, ‘Pitch Angle’ of 0, ‘Power Co-efficient’ of 0.4412 was taken

in consideration. Simulation was performed under the wind speed of 5m/s.
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Figure 4.4: ‘Mechanical Power’ vs ‘Swept

Area’ for a given radius of 1m

Figure 4.1 and 4.2 represent the torque generated by the turbine under difference
swept areas. As discussed in 3.1.1 earlier, the ‘Swept Area’ depends on the height and
radius of the turbine. As such, figure 4.1 takes different radius in consideration to get
different ‘Swept Area’ values keeping the height as a constant whereas figure 4.2 does
the opposite. Figure 4.3 and 4.4 indicate the mechanical power generated by the
turbine under the same configurations. The theoretical value and the simulation

results were approximately same. The maximum difference observed while

calculating the Mechanical Torque of the turbine for a given radius of 1Im. Here, for a
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Swept Area of 5.25m?, the theoretical value of the mechanical torque was 5.7Nm
whereas the simulation gives 5.62Nm; which gives the maximum tolerance of 1.4%
which can be negligible. This certainly proved the design of the turbine created in

‘Matlab’ to be realistic enough to work with.

4.1.2. Simulation of VAWT under different Parameter

This section carries the simulation of the system under different design parameter to
observe the change made at the output. The analysis is done based on a required
power output of 5KW. The parameters ‘Air Density’ of 1.23 kg/m?3, ‘Pitch Angle’ of 0,
‘Power Co-efficient’ were fixed at 1.23 kg/m30, 0, and 0.4412 respectively as per
standard value [121] [142] unless stated otherwise. Wind speed was considered as
5m/s unless stated otherwise. By changing the design parameters of the turbine such
as radius, height, wind speed and pitch angle; the turbine performance parameter
such as mechanical torque, power, Swept Area, TSR (Tip Speed Ratio), rotational speed
were changed. Therefore, to understand how each parameter affects the output of
the turbine, the parameters have been analysed through plots. Only one parameter

was varied at a time to observe the change in the output unless stated otherwise.

It is important to note that in the 1%t part of the simulation, only the change in turbine
output power is being observed under one variable at a time. While one variable is
being changed, others have to be kept as constant. This is applicable in other parts of
simulation as well unless stated otherwise. Figure 4.5 shows the mechanical power
generated from the turbine under different heights. Since, the height was being
changed, the radius had to be fixed at a certain value. Here, for a typical average scale

of VAWT, the radius was fixed at 0.5m [145]. It can be observed that the height of the
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turbine is directly proportional to the power generated from the turbine. Since height
here is the combination of the turbine height and the distance from ground to the
base of the turbine, naturally the output power will greatly depend on it. Keeping the
height fixed at 1000m, it can be seen from figure 4.6 and 4.7, the turbine power
increased with the increase of turbine radius. However, after a certain level, turbine
cannot cope up with the increasing radius unless the height of the turbine is also
increased in a proportion. Although theoretical study and simulation result will not
indicate this scenario, however, this is obvious as the radius of the turbine should not
be greater than the height of it. Otherwise the turbine will be off-balance and
efficiency will decrease. But when it comes to increase the height, turbine power will
keep increasing regardless the radius of the turbine being fixed at a certain point. This

is the relationship between the power required, radius and height.

Turbine Power Vs Height
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Figure 4.5: Turbine Power vs Height
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Turbine Power Vs Radius
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Figure 4.6: Turbine Power vs Radius

Turbine Power vs Radius in Varying Height
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Figure 4.7: Turbine Power vs Radius under different heights

This is the relationship between the power required with varying radius under
different heights. As it can be observed at minimum radius, varying height does not
make a significant impact on turbine output power. Here, at 0.1m radius, turbine
output power varies from 143 W to 746 W with an increase height from 300m to
1500m respectively. On the other hand, at 0.5m radius, turbine output power varies
from 733 W to 3.67 KW with an increase height from 300m to 1500m respectively.
Lastly, at maximum radius of 1m, turbine output power increases from 1.47 KW to
7.33 KW with an increase height from 300m to 1500m respectively.
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Figure 4.8: Power vs Rotational Speed
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Figure 4.9: Torque vs Rotational Speed
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Figure 4.10.a: Turbine Power Co-efficient Vs TSR under different Pitch Angle
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Figure 4.10.b: Turbine Power Vs TSR under different Pitch Angle
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Figure 4.8 and 4.9 indicate that power along with the torque are increased with the
increase of the rotor speed (Wm). At this situation, the radius and height of the rotor
are kept constant as 1000m and 0.5m respectively. This shows that the torque
produced by the wind turbine increases with increase in mechanical speed until
maximum torque is achieved. Here, the mechanical speed affects the tip speed ratio

and in turn affects the power coefficient.

Another simulation was carried to observe the power under various TSR (Tip Speed
Ratio). The ‘Pitch Angle’ (Beta) was changed for each simulation and the result is
graphically plotted in figure 4.10.a. It can be noticed that the power coefficient much
depends on the tip speed ratio of the turbine. Generally, the Tip Speed Ratio should
be high as it results in a high rotational speed. With the increase of Tip Speed Ratio,
initially power co-efficient increases. However, after a certain point, a decrease in
power co-efficient is noticed with increasing Tip Speed Ratio. This is because if the tip
speed ratio is too low, the wind turbine is likely to slow down. The turbine becomes
slow and it allows too much wind to pass through at very low tip speed ratio;
therefore, cannot extract sufficient energy [21] [tip speed ratio]. On the other hand, if
the tip speed ratio is too high, the turbine rotates very fast which does not extract
optimal power from the wind and it is at risk of structural failure. Referring to figure
4.10.a, for null pitch angle (Beta = 0), power co-efficient became the highest which
was 0.45. At that point, the Tip Speed Ratio was 8. It can be decided that at null pitch
angle turbine power co-efficient becomes the highest. A study of the graph in figure
4.10.b indicates that the blade pitch angle also plays a vital role in turbine output.
Since, power co-efficient directly proportional to the turbine power, it can also be

concluded that null pitch angle produces the maximum amount of power. Lastly, as
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derived earlier in section 2.3.1, the maximum power coefficient is 0.593 percent as
per the Betz Limit. In practice however, obtainable values of the power coefficient
ranges from 70% to 80% of Betz’s actual limit which is 0.42-0.47 [tip speed ratio].
Similarly, in figure 4.10.a, the maximum power co-efficient was 0.45 drawn by a TSR

of 8.
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Figure 4.11: Turbine Power Vs Swept Area under various wind speeds

Lastly, the simulation was carried for various swept areas speeds to see the change in
the power for different wind speeds. It was observed from figure 4.11 that at high
wind, a slight increase in the swept area results bigger change in power. Therefore,
any change in the radius or height will cause significant power variation at high speed
and vice versa. At low wind speed such as 4 or 3 m/s, more efforts, meaning significant
change in the turbine design in terms of radius and height will be needed to generate

higher current and power.
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4.2. Design and Simulation of Axial Flux Permanent Magnet Synchronous
Generator

4.2.1. Varying the wind speed

This section presents the result of the 3 types Axial Flux PMSG simulation carried for

2 different wind speeds; - 3m/s, 8m/s

4.2.1.1. Wind Speed 3m/s

0.06A

Figure 4.13: Current (A) from 5-phase Figure 4.14: Current from Dual stator

PMSG 3 m/s wind speed (Peak 0.08A) PMSG at 3 m/s wind speed (Peak 0.03A)

Figure 4.12, figure 4.13 and figure 4.14 indicate the AC current generated from all 3
types of generator whereas figure 4.15, 4.16 and 4.17 display the power generated

from all 3 generators.
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Figure 4.15: Three phase  Figure 4.16: Multi phase ~ Figure 4.17: Dual stator

PMSG output Power PMSG output power (Peak PMSG output power

(Peak 5 W) at 3m/s 10 W) at 3m/s (peak 2W) at 3m/s

The above simulated result shows the current of the 3-phase, 5-phase and Dual Stator
PGSM at a slow wind speed of 3m/s. The 3-phase PMSG current had an approximate
peak value of 0.06A. The current of the 5-phase PMSG had a peak approximate value
of 0.08A. This value was higher than both of the three phase PMGS current and dual
stator PMSG current (0.03A). Dual Stator had the lowest amount of current.

Coming to the power generated by all the 3 types of PMSG, the multiphase or 5-phase
PMSG has a higher electromagnetic power among three generators having a value of
10W. 3-phase PMSG followed with a value of 5W and Dual stator had the lowest
among all having 2W. This showed that the multiphase had a more power density at

lower speed than the other two generators.

4.2.1.2.  Wind Speed 8m/s

Figure 4.18, figure 4.19 and figure 4.20 show the AC current generated from all 3 types
of generator whereas figure 4.21, 4.22 and 4.23 indicate the power generated from
all 3 generators.
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Figure 4.18: Current (A) Figure 4.19: Current (A) Figure 4.20: Current (A)
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Fig. 4.21: 3-Phase PMSG  Fig. 4.22: 5- phase PMSG Fig. 4.23: Dual stator
output Power (Peak output power (Peak PMSG output power
100W) at 8m/s 198W)at 8m/s (peak 158W) at8 m/s

The peak value of the PMSG current reached 3.5A at 8m/s speed whereas 5-phase
PMSGALt reached to a final value of 13A. However, the peak value of the Dual Stator
PMSG current touched 7A surpassing that of the three phase generator but lower than
that of the 5-phase generator at the same wind speed. As far as the power concerns,
again 5-phase topped having power of 198W, followed by Dual Stator (158W). 3-Phase

PMSG had the least amount of power (100W).
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Table 4.1 Efficiency comparison of PMSG Output Power at Different Wind Speed

3m/s 8m/s

Turbine Power (W) efficiency
(Reference: 3- Phase PMSG)

40% reduction 58% increase

99.9% increase 98% increase

At low wind speed, 5-phase PMSG was the most efficient among all having the double
amount of power (100%) than 3-phase which was 5W (table 4.1). Surprisingly Dual
stator showed significant reduction in efficiency of 40% comparing to 3-phase. An
important observation to note down is that when the wind speed increased to 8m/s,
5-phase still holds the top but this time dual stator surpasses 3-phase with a 58%
increase. This indicates that Dual Stator performs better than 3-phase in high wind.
However, performance of Dual Stator decreases significantly even than of the 3-phase
when wind speed becomes low. This is because at low wind, the turbine rotates so
slow that it cannot go up to the Dual Stator’s high rated RPM making the generator
unworthy to use. Therefore, for low wind speed Dual Stator cannot be used as a

primary option.

4.2.2. Varying the pole number

If higher number of poles were taken in consideration (Fig. 4.22) at a fixed wind speed

of 5m/s, it could be monitored that with the increase of pole number, 5 Phase PMSG
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responded the most with getting high power values followed by Dual Stator and 3

Phase respectively.

Turbine Power vs Pole Number

450 T T T T
|
400~ J
g\ 350 40 07 ﬂ -
o L i
s 300
[e]
o
o 250|- 1
-g Wind Speed of 5 m/s
= 200+ J
—N N >
| A |4
1501 D/D/‘V —P— 3 Phase PMSG |
—O— Dual Stator PMSG
=1 5 Phase PMSG
100 L !
0 5 10 15 20 25

Number of Pole

Figure 4.22: Number of Pole Vs Turbine Power for 3 Phase, 5 Phase and Dual Stator
PMSG

Table 4.2. PMSG Output Power efficiency comparison for minimum and maximum
number of pole

Number of poles

PMSG Types

24 2

Turbine power (W) [Reference 5 phase PMSG]

17.78% reduction 17.14% reduction
45.71% reduction 48.28% reduction

According to table 4.2, when the number of poles was fixed at 24, turbine power
reduced 17.78% from 5 Phase to dual stator for same configuration. For same number
of poles, turbine power dropped down 45.71% for 3 Phase PMSG with respect to 5

Phase. While using 2 pole generator, 17.14% reduction in turbine power was noticed
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for dual stator as far as 5 Phase is concerned. Lastly, 3 phase PMSG’s turbine power

reduced remarkably, 48.28%.

4.2.3. Varying the Rotational speed of the turbine

Keeping the wind speed fixed at 5m/s, the rotational area was varied to observe the
change in generator output power. As turbine rotor speed or rotational speed is
related to wind speed and TSR (Tip Speed Ratio), a fixed wind speed indicates a direct

involvement of the rotor speed with TSR.
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Figure 4.23: Generator Power Vs Turbine Rotational Speed

As it could be observed that at higher rotor speed (figure 4.23), power generation was
also high. Leading from the front, 5-phase surpassed all in terms of power followed by
Dual Stator. Again, 3-Phase had the lowest amount of power with the varying rotor
speed. But it is important to mention that for a rotational speed less than 20rad/s (less

than 190RPM), rotational speed is almost same in all the 3 types of generator. This is
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an important observation as it tells us that for low speed system, all the 3 types of

generator configuration will not differ much in terms of power.

4.3. Optimization of Permanent Magnet Synchronous Generator based Vertical
Axis Wind Turbine for Rural Malaysia
4.3.1. Optimization of VAWT for low wind speed
VAWT Configuration:
2 configurations were selected after carefully analysing of simulation data. Following

table 4.3 presents VAWT configurations followed by the justified analysis of it.

Table 4.3: Optimized VAWT Design Configuration

VAWT

Configuration 1 W] : Low Wind
Speed

Height : 2.6m
Radius : Im

Number of : 3
blade

Pitch : 0
Angle

Power : 0.4412
coefficient

Air : 1.225kg/m?
density

VAWT

Configuration 2 Wl : Low Wind
Speed

Height : 60 cm
Radius : 14.5 cm
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Number of : 9
blade

Pitch : 0
Angle

Power : 0.4412
coefficient

Air : 1.225kg/m?3
density

ulation Analysis- Configuration 1

After designin lation was performed to get the mechanical torque

and power fro fferent values of radius and height keeping one fixed

at a time. To get the optimal turbine design parameters, 2 cases had been taken for
consideration. The 15t one was to vary the radius keeping the height fixed and the 2"

one was the opposite of it.
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Figure 4.24: Torque generated for different heights of VAWT
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Mechanical Torque Vs Radius of the turbine
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Figure 4.25: Torque generated for different radius values of VAWT

Figure 4.24 and 4.25 above show the mechanical torque generated for different
heights of VAWT. Turbine radius was fixed at 1m and the swept area therefore varied
according to the change of the height as observed in 4.1 section. Simulation was
performed under different low wind speeds and the result shows good improvement
on generated torque as soon as the height exceeded one meter. Figure 4.26
represents mechanical power data for different values of radius and heights. Wind
speed was fixed at 2m/s in order to observe the low wind performance. Turbine height
was fixed at 2m while running the simulation on radius and the radius was fixed at 1m
while running the simulation on height. Simulation shows better understanding in
terms of turbine power efficiency. To generate at least 7W in low wind, turbine height
has to be minimum 1.6m. As far as turbine radius concerns, radius should at least be

0.8m. Any radius below 0.8m cannot be matched with more than 1.5m turbine height.
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Figure 4.26: Mechanical Power for different radius/height of VAWT

After taking consideration of different values of turbine radius and height, it could be
seen that at low wind speed, 0.8m-1.2m radius could be suitable for producing higher
power and proper torque. Yet again, to have a realistic system, the radius of the
turbine has been decided to fix at 1m. Following the same concept, it can be observed
that the height between 2m-2.8m were suitable enough to produce good power and
torque. Therefore, with respect to the turbine radius, the height of it was fixed at

2.6m.

4.3.1.2.  Simulation Analysis- Confiquration 2

A smaller version of configuration1 was created in this part. For cost efficiency, a small

system was required, therefore further simulation was carried on and data was
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graphically plotted. Figure 4.27 and 4.28 display the mechanical torque generated for

different height and radius respectively under various wind speeds whereas figure

4.29 and figure 4.30 show power generated against the same parameters.
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Figure 4.27: Torque generated for different heights under different wind speeds

While running the simulation for turbine power under different heights, radius was
fixed at 0.2m (Figure 4.27). In such way, the swept area will vary with only the change
of the turbine height. As it can be seen, the low torque generated in the low wind

(2m/s-5m/s) improves with the gradual increase of the height from 0.4m onwards.

Similarly, while running the simulation for turbine power under different radius,
height was fixed at 0.5m (Figure 4.28). In such way, the swept area will vary with only
the change of the turbine radius. As it can be spotted, the low torque generated in the
low wind (2m/s-5m/s) improves with the gradual increase of the radius from 0.2m
onwards.
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Figure 4.28: Torque generated for different heights under different wind speeds

Figure 4.29 and figure 4.30 represent mechanical power against height and radius
simulation analysis respectively. The simulation style was same like before which was
keeping the radius fixed at 0.2m while changing the height to different values and
keeping the height fixed at 0.5m while changing the radius to different values.
Simulation illustrates the same result as the torque vs turbine radius and height
indicated. For low wind speed range of 3m/s to 5m/s, turbine height more than 0.4m
improves the turbine power. Turbine power did not seem to be affected much by
turbine radius in low wind speed. For a wind speed of 3m/s and 4m/s, the impact was
almost negligent for increasing the radius. However, at wind speed 5m/s, simulation
showed improvement in power with the changing radius starting from 0.1m although

it was not very promising.
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Figure 4.29: Power generated for different heights under various wind speeds
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Figure 4.30: Power generated for different radius under various wind speeds

Figure 4.31 shows the mechanical power versus mechanical torque graphs. Swept
Area of the turbine was varied with a fixed height of 0.5m. It can be observed that in

low wind speed, the mechanical power fluctuates under 10W. Low torque and low
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power, ranges from 1W-8W, are the characteristics while dealing with smaller range

of turbine design parameters.

30 T T T T
Height is fixed at 0.5m
251 :
X  Wind Speed 3m/s u
Wind Speed 4m/s X:1.64
_ ¢+ Wind Speed 5m/s Y: 2393
2 20jH Wind Speed 6m/s 7
E Wind Speed 7m/s
g
a 15~ ™ _
g X: 1.308
g Y: 14.86
=
3 '10 — -
=
+*
* ¢ .
i 1* X: 0.837
51 RE Y: 7.61 .
o ‘*** AN
b ¥ X: 0.471
DF*E‘”““ __1Y:3.21 . . .
o X011 g5 1 1.5 2 25
Y: 0.69 Mechanical Torque, Tm (Nm)}

Figure 4.31: Power generated for different radius under various wind speeds

4.3.2. Optimization of PMSG for VAWT
The stator resistance, inductance at dqg frame, flux linkage, mass inertia and pole pairs
were varied to perform simulations and a set of realistic parameter values were fixed
in which the voltage and current were sufficient enough to produce a good amount of
power. Stator resistance was fixed at 14 Q, inductance at dqg axis was considered to be
0.8mH, flux linkage was taken as 0.175 Wb/A, mass inertia was 0.089 J. Low wind

speed was taken in consideration as it was varied from 3 to 7 m/s.
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Since, it was decided to use 3-Phase PMSG for low wind VAWT, 3-Phase PMSG was
being analysed further. The pole pair and friction factor was taken in consideration in
depth and simulation was carried under varying mechanical torque. Figure 4.32 and

figure 4.32 below represent the data collected from the simulation.

From section 4.1, it was analyzed that mechanical torque of the turbine directly
depends on the design of it, precisely on turbine’s height, radius and power co-
efficient. Here, figure 4.32 illustrates the effect of turbine torque on generator output
power on various pole pairs. When the torque is high, number of pole played a vital
role on generator power. As it can be seen, the generator power jumped from 548W
to 3.6KW with change of the pole pair from 8 to 18. As far as low torque range
concerns, it could be spotted that at a fixed torque of 5Nm, generator power increased
from 6.6W to 24W for the same change in Pole Pair. Therefore, pole pair plays a vital
role in generator performance regardless low or high wind range. Also to get high
power output from the generator (around 1.5KW and above), minimum of 10-12 pole
pair (20-24pole) should be chosen if possible. In low torque range, low wind speed
makes the generator difficult to produce enough power. As it can be observed from
the figure, for low torque, the rated output power from the generator could maximum

be 500W.

143



— [l 16Pole I High Torque Range
ss00| | 24Pole | 3.6K\
- [l -+ 26 Pole 1
— W <+ 28Pole | ’
3000 - 32 Pole I /’
E — D == 36 Pole I 7 2.71}
s 1
o 2500 I ¢ ml 2.081
@ ' / 7’
H e
o I 4 P
& 2000 | — : %
2 6.6W | 27
o g 1.6K\
g 1°0 N : A 7 M1.34k
4w 7 ’ .
o 2 _- ;! -
1000 - /
2 SUTOSI EDR
5@5—-—-—-—-}/’ /___11 - 10.548KW
g | Low Jorque Range -l D = = “‘. -1
- I —
TSI = kel e e
] — 4

0 10 20 30 40 50 60 70

Mechanical Torque, Tm (Nm)

Figure 4.32: Generator Power Vs Mechanical Torque under Various Pole Number

With view of the facts achieved from the simulation result above, 2 configurations of
the 3-Phase PMSG were fixed to match the two VAWT designs. For the first one, 3-
Phase PMSG was rated as 1.5KW and to make a realistic system, it was decided to put
10 pole pairs in it. The second generator configurations were to be matched with the
other VAWT design which would be the smaller version of the 1t one. Therefore, the
low torque range power ratings (less than 500W) were to be considered according to
the previous findings and for that a rated power of 200W was fixed as the generator
output. The pole pair was decided to be 8 which makes the number of pole of the 3-

phase PMSG to be 20.

It was said before that friction factor plays an important part on generator
performance. It basically represents the friction in the bearing while being rotated

with relative to the shaft. Since Maglev reduces the friction to almost zero in the
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bearing by levitating the system with the repulsive force of the magnets, friction factor

directly is related to Maglev. A minimal of friction factor hence may represent the

Maglev implementation in the system.
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Figure 4.33: Generator Power Vs Mechanical Torque under different Friction Factor

Figure 4.33 demonstrates that not only at high torque range but also when the torque

generated from the turbine is very low, implementation of Maglev can significantly

increase the output power. Simulation showed a 0.3 reduction in the friction factor

increases the output power from 1.32W to 5.45W at a mechanical torque of 5Nm.

Hence, for low wind system, implementing Maglev makes noteworthy improvement

in efficiency.
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4.4. Low Cost System Optimization of Rural Malaysia and Design Fabrication

This part of the chapter compared the two configuration discussed earlier sent the
relative cost effective design for fabrication. Following are the two proposed design

details.

Table 4.4: Optimized System Design Configuration 1

Height : 2.6m

Radius : 1m
Number of Blade : 3

Pitch Angle : 0

Power Co-efficient : 0.4412
I
Phase : 3-Phase
Type : Axial Flux
Rated Power : 1.5KwW
Rated Voltage : 220V
Pole Pair : 10
Diameter : 55.5cm

75KG

Table 4.5: Optimized System Design Configuration 2
Height : 60 cm
Radius : 14.5cm
Number of Blade : 9

Pitch Angle : 0

Power Co-efficient : 0.4412
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Phase 3-Phase

Type : Axial Flux
Rated Power : 200W
Rated Voltage : 12V

Pole Pair : 8

Diameter

Top net weight

According to equation 3.33 and 3.34,

WPR = =
P

WPR,— WPR,4
WPR,

x 100 %

Cost efficiency, n =

Table 4.6: Weight to Power Ratio

Weight to Power Ratio 1, WPR;  :  0.05 Kg/W
Weight to Power Ratio 2, WPR,  : 0.0625 Kg/W
Cost Efficiency, n 1 20%

Table 3.6 illustrates the “Weight to Power Ratio of the two design configuration. It is
clear that the smaller design version is 20% cost effective relative to the first design
due to its small weight scale. Also, this 200W, 12V 9 bladed rated system much
compact comparing to the 1.5kW, 220V, 3 bladed turbine. As far as low wind and low
torque concern, the voltage and power output will also be very low as per the

simulation data. Also, the energy harvesting devices should take place in such areas
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where on-grid turbines are not frequently available. Places like these, generally
demand for a compact, low cost standalone system. Figure 4.7 shows the overall cost
of different existing wind turbines in rural Malaysia with proposed turbine. It can be
observed that only one existing turbine is operational at 3m/s. The rated output power
is 2KW and the overall cost of the turbine is USD2500. The turbine is large in size
having height and diameter of 1.5m and 1m respectively. For low cost, compact
portable standalone system, the model is not suitable for small scale battery charging
application. Also it costs almost 8 times higher than our proposed 200W 9 Bladed
hybrid VAWT system (Configuration 2). Therefore, it was decided to send design

configuration 2 for fabrication.

Table 4.7: Cost Analysis of Current Existing Wind Turbine in Rural Malaysia in
Comparison with Proposed Turbine

Year of Location Turbine Turbine Turbine Generator | Generator Overall
installation Type Height (m) | Diameter type Power Cost
m rating (W
(m) g (W) (USD)

2013 Kuala VAWT 1.5 0.5 PMSG 1000 1780
Terenganu
[Cut-in
Wind Speed

4m/s)
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2007 Pulau HAWT Unknown Unknown Unknown 100K 180000

Perenthian

[Cut-in

Wind Speed

6m/s]

Case

Study 5

Proposed 2016 Selangor PMSG 1500 1500

System 2 [Was not Bladed
made
VAWT

Operational]

4.5. Laboratory Prototype of Maglev VAWT adopted to PMSG

Proposed

System 2

A Chinese Company was chosen for design fabrication. The company was requested
to put Maglev in the system. They had also been asked to provide a data sheet for the
system but generally data sheets were to be provided only after fabrication, not
before that. Therefore, before ordering from the Chinese Company, in order to be
assured that the design would work well in low wind speed, a lab prototype was built
similar to the design configuration 2. The idea was to go for fabrication only if the lab

prototype indicated good pattern of result.

The hardware architecture was described in the methodology chapter. The field

testing results were given below. The turbine was tested under low wind speeds
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ranging from 4m/s to 7m/s and the generator open circuit voltage was plotted against
turbine rotational speed. Generator pole and turbine blade angle were changed to
observe the impact on the output voltage. As discussed in the literature review, if the
blade angle is kept at 0, it should cut maximum wind, thus it will rotate at a higher
speed and produce larger voltage. On the other hand, when the blade angle is 90
degree, it will cut minimum wind and will produce minimum voltage. Figure 4.34 and
4.35 represent the open circuit PMSG output voltages under different rotational
speeds. Figure 4.34 was made for 8 Pole PMSG whereas figure 4.35 was for 4 Pole
PMSG. The PMSG was constructed with two pole configurations to observe whether

the system output voltage improves with the increase number of pole.
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Figure 4.34: Generator Open Circuit Voltage vs VAWT speed under different pitch angle (8
pole)
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Output Voltage vs Turbine Speed for different blade pitch angle
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Figure 4.35: Generator Open Circuit Voltage vs VAWT speed under different pitch angle (4
pole)

Referring to figure 4.34, firstly, for 0 blade angle, open circuit voltage was 7V at 38
rpm (4m/s). Output voltage dropped down to 6.5 V when the blade angle was changed
to 15 degree keeping the turbine’s speed same. Output voltage was around 5.5 V and
4.2 V for 30 and 45 degree blade angle respectively, which clearly shows the reduction
in voltage with respect to increasing blade angle. Again, at 52 rpm (5m/s), it could be
observed that generated output voltage was 7.5 V for 0 degree blade angle. Then the
voltage reduced to 6.6 V for 15 degree blade pitch. Voltage came down to 5.6 V for 30
degree and 4.3 V for 45 degree pitch angle. Output voltage followed the same
sequence for 60 and 70rpm. In addition, when the turbine was being rotated at 70
rpm (7m/s), more than 8V was produced with 0 degree blade angle orientation.

Next, PMSG with 2 pole pair (4 Pole) was experimented (figure 4.35). Observations

supported the same trend in the case of 4 pole pair generator. But here, lower output
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voltage was observed compared to 4 pole pair generator for the similar conditions.
For example, when the turbine speed was 38 rpm, output voltage was 5.2 V for O
degree blade angle. Increasing the blade angle to 15, 30 and 45 degree reduced the
output voltage to 5.1V, 4.8 V and 4.2 V respectively. For all turbine speeds null blade
angle provided the highest output voltage. For 8 pole permanent magnet generator,
output voltage was maximum when the blade angle was null for all turbine speed.
Generated output voltage started to reduce when we start to increase the blade angle,
keeping the turbine speed same. As we increase the blade angle, the output voltage
reduces and vice versa. By analyzing all the recorded values, it was concluded that,
greater turbine speed, smaller pitch angle, higher number of poles give maximum
voltage for the generator. Figure 4.36 and figure 4.37 focus the generator open circuit
voltage at null pitch angle. Furthermore, at the lowest wind speed of 4m/s, the
generator was still able to produce an open circuit voltage of 7V (figure 4.37). It was
not possible to make a 16 pole configuration for the prototype but even with 8 pole
configuration it showed good result overall. Therefore, it was decided that the
prototype system made accordance with the 2" configuration was good enough to

produce low voltage at lower wind speeds.
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Figure 4.36: Prototype 3-phase 4 Pole PMSG Open Circuit Voltage for various wind speeds
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Figure 4.37: Prototype 3-phase 8 Pole PMSG Open Circuit Voltage for various wind speeds

4.6. Energy Harvesting

This section gives performance analysis of a Supercap (Superacitor) based energy
harvesting battery charging device operated by the Maglev VAWT adopted to a
200W PMSG as per the configuration discussed previous which was sent for
fabrication. Upon arrival of the turbine, system was set-up in the lab and field
testing was performed to tabulate the data. Following table 4.8 recaptures the

system configuration and the open circuit voltage taken in low wind speed.

Table 4.8: Energy Harvesting System Open
Circuit Performance

Wind Speed : 5m/s
Height : 60 cm
Radius : 14.5 cm
Number of : 9

blade

Phase : 3-Phase
Rated Power : 200W
Rated Voltage : 12V
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Diameter : 16cm

12.5kg

Open PMSG Open : e 85V
Circuit Circuit (Wind
Analysis Voltage Speed
5m/s)
e 65V
(Wind
Speed
4m/s)
e 48 V
(Wind
Speed
3m/s)

This sub-chapter has two parts. First part includes 3 cases which have been
compared for performance analysis. ‘Case A’ showed a battery of 6V, 3.2AH, which
was charged from 4.2V to 5V through a DC DC converter followed by a series of 4
Supercapacitors (2.7V, 35F). ‘Case B’ and ‘Case C' demonstrated the direct
charging of the battery; where ‘Case B’ was experimented with the converter and
‘Case C’ was without converter. All the three cases were experimented in low wind
speed that ranges between 6m/s to 3m/s. Second part of this section deals with
the complete charging analysis. It is important to note that, although
Supercapacitors have lower energy density comparing to the battery, the
proposed novel energy harvesting circuit still capable of charging a battery which
has higher energy density. This is because Supercapacitor bank used here charges
the battery though its instantaneous charging and discharging cycle. It does not
store the energy for long; rather as soon as the Supercapacitor bank gets fully

charged by the turbine, it promptly discharges though the battery.

154



4.6.1. Part 1: For wind Speed = 5m/s

Case A: Energy Harvesting through Supercap

In this case, battery was charged through supercapacitor. Supercapacitors, being
charged by the generator, discharged to battery. One entire charging and discharging
process was considered as one cycle. For a wind speed of 5 m/s, 18 cycle was needed
to charge the battery from 4.2V to 5V. Each cycle was for 27 minutes in which charging
of Supercap took 25 minutes on average whereas discharging took 2minutes. 18

cycles, therefore, indicate 8.1 hours of total charging process of the battery.

Actual Vdc 753 Plot 0 Actual Vdc 4.06 Plot 0

Amplitude
Amplitude

4:43:11 PM  451:11 PM 45911 PM  5:07:02 5;07;03: PM 5:07:53 PM 5:[}9:[}2I
Time Time

Figure 4.38: Labview GUI for Supercap Charging & Discharging

In reference with figure 4.35, diagrams given as follow illustrate the overall system
process in details. Among them, figure 4.39 and figure 4.40 above represents the
voltage analysis of one complete cycle. In figure 4.39 shows data, taken for four cycles,
which were charged up to 7.5V from 4V. It took 25 minutes for one cycle to charge up
and all the four cycles indicated the same pattern. On the other hand, figure 4.40
displays the discharging voltage of four cycles from 7.5V to 4V. Here, 2 cycles took 110
seconds and another two required 120 seconds. For calculation, on average, 2 minutes

(120 Seconds) were taken in consideration for the discharging process.
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Figure 4.42: 'Supercap Discharging Current’ vs ‘Time’ at Wind Speed 5m/s

Following two figures of 4.41 and 4.42 illustrate charging and discharging current of

the Supercap. During the charging process, the peak current was 180mA at the starting

time, followed by a sharp decline to 30mA and then a gradual slow decrease to 25mA.

Therefore, the current drawn by the Supercap, for a wind speed of 5m/s, ranges

between 30mA-25mA. Coming to the discharging process, Supercap Bank took only

two minutes to discharge to the battery (from 7.5V to 4V) as stated earlier. The current

drawn from the battery progressively slowed down to 12.5mA from 17.5mA.
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Figure 4.43: Supercap Charging & Discharging Voltage in respect of time at
Wind Speed 5m/s

Figure 4.43 above gives Supercap charging and discharging voltage for 5m/s speed
which was earlier observed in Labview GUI. One cycles required 25mnts to complete
in which charging took 23 minutes and discharging took 2 minutes. Figure 4.44 and
figure 4.45 point towards the increase of the battery voltage in respect to cycle and

charging our respectively.
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Figure 4.45: Battery Charging Voltage with respect to time for 5m/s Wind Speed

To sum it up, at 5m/s speed, Case 1 required 18 cycle of 27 minutes in order to charge

the battery from 4.2V to 5V which was 8.1 hours in total.

Case B: Energy Harvesting without Supercap (with converter)

In this part, without the use of supercapacitors, turbine was fed to charge the battery
through the converter. According to figure 4.46, it took almost 17.5 hours to reach its
maximum value of 4.8V. After that the increase of the voltage was so less with respect

to time, the value was not taken in consideration.
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Figure 4.46: Battery Charging Voltage with respect to time for 5m/s Wind Speed
(with converter)
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Case C: Energy Harvesting without Supercap (without converter)

This part takes the converter out and connects the turbine directly with the battery.

As it can be observed from figure 4.47, this approach took less time (10 hours) than

case B (direct charging via converter). However, the generator output voltage

fluctuates and battery needs a steady constant voltage for charging up. Therefore, this

method is not recommended and applying this method for a longer period will result

damaging of the battery. Still results were gathered for the sake of comparison.
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Figure 4.47: Battery Charging Voltage with respect to time for 5m/s Wind Speed

(without converter)
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Efficiency Comparison
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Figure 4.48: Battery Charging Voltage under 3 cases in respect with time at a fixed
Wind Speed of 5m/s

Figure 4.48 indicates the comparison between all the 3 cases. ‘Case C’ was taken as a
reference point while comparing. It was found out that charging through
supercapacitors was 19% more efficient (Case A) than direct charging without
converter (Case C). Supercap battery charging is also 133% more efficient than direct
charging with a converter although charging through conduction was not successful

as it failed to go beyond 4.8V; technically making ‘Case B’ as incompetent to work in

5m/s. That makes ‘Case 2’ being unworthy in low wind speed situation.

Summary

Table 4.9 and 4.10 recall the finding of this section in brief.
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Table 4.9: Charging Battery (from 4.2V to 5V) through Supercap at 5m/s Wind Speed

Supercap Charging Cycle : 25 mnts
Supercap Discharging Cycle : 2mnts
Number of Complete Cycle : 18
Maximum Supercap Charging Current : 30mA
Maximum Supercap Discharging Current : 18.5mA
Time duration : 8.1 hours

Table 4.10: Efficiency Comparison among Case A, Case B and Case C at 5m/s

Battery Charging Voltage (4.2V-5V) | Efficiency (%) Reference Point:

Case A (Energy Harvesting) : 19% Case C- Direct Charging

Without converter

Case B (Charging with Converter) . Incompetent
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4.6.2. Part 2: For wind Speed = 4m/s

Case A: Energy Harvesting through Supercap

Same procedure from earlier section was followed and results were graphically
plotted for analysis. Following figures are the details of charging process. It is
noteworthy mentioning that both the Supercap discharge voltage and discharge
current were same as the previous value. This is because while Supercap bank
discharged its charge to the battery, the turbine system was made isolated through
the MOSFET switch. Therefore, wind speed cannot make any impact on the
discharging half cycle. Consequently, in all the three cases, the discharge voltage and
current amount in respect to time were the same. Here, figure 49 and figure 50 show
the charging voltage and current graph in respect with time. For The discharging

details, section 4.5.1 may be reviewed as both of the cases, the data will be same.
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Figure 4.49: ‘Supercap Charging Voltage’ vs ‘Time’ at Wind Speed 4m/s

163



150
‘ ' ' Super'cap Bank Cr'\arging ' '

4V-7.5V

n

1

1
—_ 1
g 1
= 1000 T
c
o 1
S 1
&) 1
g' 1
£ .
H] 1
S 1
a 1
s 1
g 50, 7
2 1
/2] 1

1

lk I (mA)

LA T FE ol T°F | [ - #- - Wind Speed 4m/s |
. & 8
LX) -
0 | | | ..| (1 B EE - 3]

0 5 10 15 20 25 30
Charging time (mnt)

35

Figure 4.50: ‘Supercap Charging Current’ vs ‘Time’ at Wind Speed 4m/s

At this point, 35 minutes were required to charge up the Supercap bank. Adding the
discharging cycle time which was 2mnts, the complete cycle duration was then 37
minutes. The starting current was 145mA which took a rapid fall in the next second,
bringing the current down to 22mA. As for the inertia of the turbine, understandably
the charging current at first was very high but that could not be misinterpreted as the
actual current. The real current started from 22mA followed by a gradual decrease
that ended up at 2.5mA. Therefore, the pick current could be considered as 22maA.

Figure 4.51 displays the complete cycle process which basically was the charging and

discharging cycle of 37 minutes.
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Figure 4.52: Battery Charging Voltage with respect to time for 4m/s Wind Speed

Again 18 cycles were needed to charge up the Supercap bank from 4.8V to 5V but in
this time one cycle consisted of 37 minutes which in total made the system took 10.4
hours of charging time. Figure 4.52 above represents the battery voltage charging up

to 5V in 10.4 hours.
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Case B: Energy Harvesting without Supercap (with converter)

According to figure 4.53, it took 18.75 hours to reach its maximum value of 4.54V.

After that the increase of the voltage was so less with respect to time, the value was

not taken in consideration. Therefore, this charging system was incapable to charge

up the device at 4m/s.
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converter)

Case C: Energy Harvesting without Supercap (without converter)

‘Case C’ took 15 hours to finish the task. Figure 4.54 is showing the battery charging
voltage in respect to time.
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converter)
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Efficiency Comparison
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Figure 4.55: Battery Charging Voltage under 3 cases in respect with time at a fixed
Wind Speed of45m/s

Figure 4.54 illustrates the comparison among the 3 cases at wind speed 4m/s. Again,
‘Case C' was taken as a reference point while comparing. It was calculated that
charging through Supercapac was 31% more efficient that direct charging without
converter. Supercap battery charging was stopped at 4.54V for direct charging with a
converter indicating the system unable to produce enough voltage in low wind speed
to charge up the battery with converter. That makes case 2 being unworthy in low

wind speed situation as expected.

167



Summary

Table 4.11 and 4.12 recapitulate the result of this section in brief.

Table 4.11: Charging Battery (from 4.2V to 5V) through Supercap at 4m/s Wind Speed

Supercap Charging Cycle

Supercap Discharging Cycle

Number of Complete Cycle

Maximum Supercap Charging Current

Maximum Supercap Discharging Current

Time duration

35 mnts

2 mnts

18

22mA

18.5mA

10.4 hours

Table 4.12: Efficiency Comparison among Case A, Case B and Case C at 4m/s

Battery Charging Voltage (4.2V-5V) | Efficiency (%)

CaseA (Energy Harvesting) : 31

Case B (Charging with Converter) . Incompetent

Reference Point:

Case C- Direct Charging

Without converter
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4.6.3. Part 3: For wind Speed = 3m/s

Case A: Energy Harvesting through Supercap

Figure 4.56 and 4.57 show the charging voltage and current against time respectively.
Unlike the previous 4.5.1 and 4.5.2 section, Supercap bank could not be charged up to
7.5V. This was due to the lack of the mechanical torque, as the system was put in a
very low speed of 3m/s. In low wind speed, turbine could not provide sufficient
amount of mechanical power to PMSG so that it can charge up the Supercap bank to
7.5V. In order to come up with a solution, Supercap Bank charging voltage ranged was
reprogrammed and lowered down to 6.8V. Even though, the Supercap Bank charging
maximum voltage was set to 6.8V, due to low wind speed, it took 95 minutes to finish
the charging cycle; whereas for wind speed 5m/s and 4m/s, Supercap Bank was
finished charging up in 25 minutes and 35 minutes correspondingly. Hence, there was
a significant delay of time observed while dealing with 3m/s wind speed. Apart from
it, it can be spotted in figure 4.57 that the charging current also consequently was

observed to be lower than the first two section, having a maximum current of 18mA.

7 T T T T T T T T T
[ 708 T T T T T T
‘ . Supercap Bank Charging
| Supercap Bank Charging u W
| 4v-6.8V #MW i A8y
65T L v:68 1 Of
4
= 1
s e 1
> & L
-3 *#Mf* ¥ ||
s ]
E +7H"‘+ N 40!
£ A 1
o ] &
E 5.51 #ﬁ‘ Wind Speed 3m/s ||
; | b 30 l|
@ ‘ + 1
s 5f o \
3 ) ¥ 200 1 Wind Speed 3m/s
& i i
a | + '8
asr F 110l ™a I (mA)
B
K ¥ - l-‘: [ ]
| ~E-N-N-g
Mo L. AR EEsag
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90
Charging time (mnt) ¢ Charging time (mnt)
Figure 4.56: ‘Supercap Charging Figure 4.57: ‘Supercap Charging
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Figure 4.58 displays the complete cycle of Supercap bank charging and discharging
period. Unlike the first two wind speeds, discharging process took only one minute as
the Supercap voltage was no longer 7.5V. Therefore, one complete cycle in this section

contains in total of 95 minutes of charging and discharging process.
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Figure 4.58: Supercap Charging & Discharging Voltage in respect of time at Wind
Speed 4m/s

Figure 4.59 below points out the number of complete cycle required to charge up the
Supercap Bank to 6.8V. 18 cycles were needed both in the last two sections but in this
case number of cycle increased. This is because both for the last two times, the
Supercap Bank was charged to 7.5V, therefore discharging process took the same
number of cycle even though time duration was different. In this case, at 3m/s wind
speed, generator could not charge up the Supercap bank to 7.5V but 6.8V.
Consequently, while discharging, a Supercap Bank of 6.8V was discharged to the
battery rather of 7.5V. Thus it ended up taking higher number of cycle (24 cycles) to

finish charging.
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Figure 4.60 provides the total duration time of the charging process. It can be spotted
that for a number of 24 cycles, in which each cycle was made of 95 minutes, a total
duration of 38.4 hours was required to complete the battery charging process. This
time period is significantly longer than the previous time of 10.4 hours which was
performed at 4m/s wind speed. This is an important finding which will be discussed

further on the overall comparison section.
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Case B: Energy Harvesting without Supercap (with converter)

Since the system did not provide good response in wind speed of 4m/s, hence, it was
expected to degrade further with even lower speed. Therefore, ‘Case B’ was not

experimented in this section.

Case C: Energy Harvesting without Supercap (without converter)
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Figure 4.61: Battery Charging Voltage with respect to time for 3m/s Wind Speed (without
converter)

Figure 4.61 represents the amount of time taken by the battery to get charged up from
the turbine directly without the converter. As it was mentioned before, this method
is not suitable for energy harvesting since for any type of battery, a constant charging
cycle is required and fluctuation causes damage. Since for the sake of comparison,
experiment was performed. It was observed that charging was very slow and it took
nearly 53 hours to charge the battery up to 5V which surely was considerably longer
than the previous charging at 4m/s where the same system needed 15 hours to

charge.
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Efficiency Comparison
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Figure 4.62: Battery Charging Voltage under 2 cases in respect with time [3m/s]

Figure 4.62 illustrates the comparison among the 3 cases at wind speed 3m/s. Again,
‘Case C’ was taken as a reference point while comparing. While ‘Case C’' required a
time frame of 53 hours to complete the charging process, 38.4 hours were needed by
‘Case A'. It was calculated that charging through Supercapac was 28% more efficient
that direct charging without converter. At 4m/s, Supercap battery charging was
stopped at 4.54V for direct charging with a converter in the previously mentioned
section. Subsequently, being unable to produce enough voltage in low wind speed to
charge up the battery with converter, ‘Case B’ was not taken in consideration in this

section.
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Summary

Table 4.13 and 4.14 recapitulate the result of this section in brief.

Table 4.13: Charging Battery (from 4.2V to 5V) through Supercap at 3m/s Wind Speed

Supercap Charging Cycle : 95 mnts
Supercap Discharging Cycle : 1mnts
Number of Complete Cycle . 25
Maximum Supercap Charging Current : 18mA
Maximum Supercap Discharging Current : 18.5mA
Time duration : 38.4 hours

Table 4.14: Efficiency Comparison among ‘Case A’, ‘Case B’ and ‘Case C’ at 3m/s
Battery Charging Voltage (4.2V-5V) | Efficiency (%) Reference Point:

Case A (Energy Harvesting) . 28 Case C- Direct Charging

Without converter

Case B (Charging with Converter) . Incompetent
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4.6.4. Overall Summary and Efficiency comparison
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Wind Speed Battery Charging via Direct Battery Efficiency
(m/s) Supercap (hr) Charging Time (hr) (%)
5 8.1 10 19
4 10.4 15 31
3 38.4 53 28

Figure 4.63: Summary of Energy Harvesting Circuit Result for charging a 6V Lead Acid

Battery from 4.2V to5V

As shown by figure 4.63, the energy harvesting circuit data shows excellent values for
all the results with very good performance overall. Change in the wind speed from
5m/s to 4m/s produces better efficiency as it goes to 31% from 19%. For a low speed
of 3 m/s, where direct charging displays a poor performance, energy harvesting circuit,
even though took a long time of 38.4 hours to charge up the battery, still maintains its
productivity by producing an efficiency 28%. Here, the highest amount of efficiency

was drawn from the system was 31%. Comparing to the Worthington’s work of pulling
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off 300% more efficiency with hybrid energy harvesting, it is drastically low. However,
his storage system was implemented to a pump tire circuit, whereas our circuit was
designed for a low wind application. As an off-grid standalone low voltage energy
harvesting system, the EHC was able to provide noteworthy better efficiency in all
three low wind speeds.

An important observation had been made in this experiment. At low wind speed
turbine tends to slow down and stop if there is a heavy load. This is because a
Permanent Magnet Synchronous Generator has an output frequency which is
proportional to its armature speed. The required torque to rotate the PMSG is
proportional to the electrical load. Therefore, at low wind speed, with the increase of
the electric load, there is always a tendency to slow down while the mechanical input
coming from the VAWT tries restore it. However, if the load is too much to handle, the
mechanical speed from the turbine becomes very slow and eventually the turbine
stops.

4.6.5. Battery Charging- 5.5V to 6V

6E_B;;e-r;E:_ha-r_gi-ng-\/_ol;a_g;_(g.g\;—_ 6'\'/_>-_-_-_-_-_'-_égé%b"'_"_';;;uum_'ni_
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Wind Speed 5m/s
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Figure 4.64: Battery Charging Voltage (5.5V to 6V] comparison with respect to time for 5m/s
Wind Speed
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Another experiment was conducted with and without energy harvesting circuit to
charge the battery from 5V to 6V at 5m/s. Applying the energy harvesting circuit, the
battery was being charged by the Supercap bank. It was observed that with the energy
harvesting circuit, battery took almost 18.8 hours to finish charging whereas direct
charging needed 24.2 hours. According to the experimental result, energy harvesting

circuit was 22% more efficient than direct charging.
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4.6.6. Theoretical Analysis of Battery charging via Supercapacitor Cycle
For wind speed = 5 m/s
Theoretical Calculation

Energy in Supercapacitor Bank, Esypercap pank = %CV2 = %8.769(10.82 =511])

The Peak Voltage of Supercap Bank Cycle = 10.8V,

However, the Boost Converter cannot step up voltage less than 4V. Therefore, usable

Energy in the Supercapacitor Bank,

1 1 1
ESupercap_Bank_Effective = ECV]-Z - ECVZZ = EC(Vlz - VZ)

1
= E8.76 x (10.82 —42) =440

Battery Rating, 6V, 3.2AH which is equivalent to 19.2Wh [A 6V 1AH can store 12Wh]
Here, 19.2 Wh ~ (19.2 x 3600 J) ~ 69120 J

From one cycle of Supercapacitor Bank, battery can store energy up to 440 J.

Again, 440 J energy is stored into a 6V 3.2AH battery in one cycle.

Therefore, 69120 J energy can be stored into a 6V 3.2AH battery in (69120/440) or,

157 cycle.
Note: one charging cycle of Supercapacitor bank takes 27 mnts on average.

Therefore, average time required for battery charging= [(27 x 157) /60 ]hr = 70.65 hr
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Experimental Observation:

From section 4.6.1,

It takes 8.1 hours to charge 1V of the battery [Section 4.6.1: from 4V to 5V]. Moreover,

from section 4.6.5, after 5V, it takes 18.8 hours to charge 0.5V.

Therefore, total estimated battery charging hour = [(8.1 x 5) + (18.8 x 2)] hr = 78.1 hr

Percentage of Error

(]70.65-78.1|)

o = )
2065 X 100 % = 10.54%

Percentage of Error, POE =

The voltage drops in boost converter and MOSFET switch are the main reasons for

difference in theoretical and experimental value.

Direct Charging without Converter

The battery takes 15 hours to charge 1V from the turbine until 5V. After 5V, it takes

24.2 hours to charge 0.5V.

Therefore, average time required for battery charging=[(15x5) + (24.2 x 2)]hr =123hr

Efficiency of Supercap based Battery Charging Circuit

- ('1231‘2;8'1') x 100 % = 36%
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Chapter 5

Conclusion

5.1. Conclusion

As a conclusion to this thesis, the achievements are reviewed in terms of research
objectives. This consequently facilitates the system and results to be analyzed in terms
of the percentage and degree of the research objectives that was achieved. The aim
of this thesis is to provide a framework on Maglev based Vertical Axis Wind turbine
and PMSG, bringing them together as a cost-effective system for low wind rural
Malaysian condition, followed by the implementation of Supercap based Energy
Harvesting System in it. This chapter discusses the findings in brief and co-relate the
achievements with the objective of the thesis. Table 5.1 presents the summary of the

results that was presented in Chapter 4.

The first research objective of the research was to simulate and analyse the
performance of Vertical Axis Wind Turbine in low wind speed. Furthermore, it extends
to investigate the effect of different design parameters on turbine output. With a view
to accomplishing this objective, a mathematical model at first was made which later
was implemented in Simulink for performance analysis. For each input parameter such
as wind speed, power-coefficient, radius or height of the turbine; turbine output
mechanical speed, torque and power were changed. To make sure the model gives
correct value, simulation data first was compared with theoretical data. With a
maximum error of 1.4%, the system was considered accurate enough. It was observed

that the height and radius of the turbine was directly proportional to the power
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generated from the turbine regardless the turbine radius. Next, observation made on
torque produced by the wind turbine that was increased with mechanical speed until
maximum torque was achieved, of which a further increase in the speed then resulted
decrease in the torque. Another finding was related to blade pitch angle. The ‘Pitch
Angle’ was changed to have a look at the effect on power under various TSR (Tip Speed
Ratio). Result showed that with the increase of the pitch angle, turbine power and
torque started to become low. At null pitch angle, turbine produces the maximum
power for all cases. The simulation was carried again under different wind speed to
observe the change the power with the increase of Swept Area. It was found that at
high wind, a slight increase in the swept area resulted larger change in power.
Therefore, any change in the radius or height will cause significant power variation at
high speed and vice versa. At low wind speed of 3m/s, noteworthy change in the
turbine design in terms of radius and height would be needed to generate higher
current and power. The findings stated above clearly justify that the developed

Simulink model of VAWT has met the first objective.

The second objective was to simulate and analysis the performance of different types
of Axial Flux Permanent Magnet Synchronous Generator for low wind Vertical Axis
Turbine. After building up the Simulink model in dqg reference frame with Park
Transformation, result showed comparison on 3 types of PMSG in terms of wind
speed, pole number and turbine rotational speed. A VAWT of 1.5m radius and 2.25m
height was chosen. With a nominal frequency of 60Hz, 4 pole, a 10KW 3-Phase, 5-
phase and Dual Stator PMSG were put into simulation under referred design

parameters. Result showed, at low wind speed, 5-phase PMSG was the most efficient
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among all by producing 10W. 3-phase PMSG generated 5W whereas Dual stator
produced only 2W. 5-Phase was 100% more efficient than 3-Phase. But comparing
with Dual Stator, 3-Phase was 45.71% more efficient. At a relatively higher speed of
8m/s, 5-phase still holds the top but this time dual stator exceeded 3-phase with a
58% increase. Here, 3-Phase, Dual Stator and 5-phase generated 100W, 158W and
198W respectively. This pointed out that Dual Stator performed better than 3-phase
in high wind. Conversely, performance of Dual Stator dropped dramatically even than
of the 3-phase when wind speed became low. Therefore, for low wind speed Dual
Stator cannot be used as a primary option. Coming to the Pole Pair variation, when
the number of poles was fixed at 24, with a reference to 5-phase, Dual Stator was
17.78% less efficient whereas for 3-phase, it was 47.71%. While using 2 pole
generator, result showed the same pattern. It is important to note that with the
variation of Pole number [from 2 to 24], output power of 3-Phase, Dual Stator 5-phase
increased 24%, 21.6% and 22% respectively. Both at low and high pole pair, 3-Phase
exhibited maximum power reduction of more than 45% compared to 5-phase. Lastly
the rotational speed of the turbine was changed. The observation followed the same
pattern. But a noteworthy observation was made in the case of low rotational speed.
When the rotational speed of the turbine was less than 20rad/s, generated power
varied only a little. This is an important observation as it tells us that for low speed
system, all the 3 types of generator configuration will not differ much in terms of
power. Only few selective researches were made on the simulation comparison of 3
types of Axial Flux PMSG. Implementing all the three types of Axial Flux PMSG into
VAWT was even rare. The second objective thus met with novel findings which were

later used to optimize the system.
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Table 5.1: Summary of results

Task Technique Results Reference
Performance | Mathematical Theoretical Value matched with Simulation- accuracy | Section
Analysis  of | Model, Matlab- | gver 98.5%. 4.1,
VAWT Simulink
With increase of height, both VAWT torque and power Figure
increasd regardless of swept area. Bur for turbine 4.1-
radius, MPPT was required as turbine performance 411
decreased after MPPT point.
Null pitch angle provided maximum efficiency
Performance | Mathematical At [8m/s wind], Dual Stator- 58% more efficient; Section
Analysis  of | Model,  Park | 5-Phase- 98% more efficient (reference: 3-phase | 4.2.1,
Axial Flux | Transformation, PMSG).
PMSG Swing Equation, Figure
Simulink At [3m/s Wind], 5-phase- efficiency increased 99%, but 4.12-
Dual Stator reduced 45.71% efficiency compared to 3- 4.23,
phase.
Dual Stator was less efficient in low wind speed. 5- | Table
Phase outcasted other two types but for low cost and 4.1
maintenance issue, 3-phase PMSG was chosen for the
system.
With variation of Pole number [from 2 to 24], output | Section
power of 3-Phase, Dual Stator 5-phase increased 24%, | 4.2.2,
21.6% and 22% respectively which were almost same. | Figure
Both at low and high pole pair, 3-Phase exhibited | 4.24,
maximum power reduction of more than 45% | Table
compared to 5-phase 4.2
At low VAWT rotational speed, all three types showed | Section
little variance in power if other design parameter kept | 4.2.3,
same Figure
4.23
Optimization | Low Wind | Configuration 1: 3 bladed Null pitched VAWT with | Section
(Comparing | speed, Maglev | 2.6m Height & 1m Radius adopted to 1.5KW, 220V, 20 | 4.3.1-
with existing pole 3-phase AFPMSG. Weight 75KG 4.3.2
Rural Figure
Malaysian Configuration 2: 9 bladed Null pitched VAWT with | 4 54_
Model) 60cm Height & 14.5cmRadius adopted to 200W, 12V, | 4 33
16 pole 3-phase AFSG. Weight 12.5KG
Cost- In  comparison | WPR;- 0.05kg/W, WPR,- 0.0625. Hence, WPR, ~ 20% | Table
efficiency with  existing | more cost efficient 4.6
Malaysian Proposed System 1- 1500USD
Model  along | pronosed System 2- 310USD
with Weight to
Power Ratio
Prototype Configuration 2 | At 8 Pole configuration- exhibited Open Circuit Voltage | Figure
[V]of7,7.5,7.9and 8,1 for wind speed [m/s] of 4,5, 6 | 4.37

and 7 respectively
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At 4 Pole configuration- exhibited Open Circuit Voltage | Figure
[V] of 5.2, 5.4,5.8 and 5.9 for wind speed [m/s] of 4, 5, | 4.36
6 and 7 respectively

Energy Supercap bank, | Battery Charging [4.2V-5V] Figure
Harvesting Control System, | At 5m/s- EHC 19% more efficient than direct charging | 4.63
Circuit (ECH) | MOSFET At 4m/s- ECH 31% more efficient than direct charging
Switc.hing, At 3m/s- ECH 28% more efficient than direct charging
Labview, DAQ
Battery Charging [5.5V-6V] Figure

ECH 22% more efficient than direct charging [at 5m/s] | 4.64

The third objective of this research was to design an optimized Maglev based VAWT
system in terms of rural Malaysia that can be attached to a 3-Phase Axial Flux PMSG
in rural Malaysia’s perspective. This was done in two steps. First, different existing
wind turbines in rural Malaysia have been studied in order to get simulation
parameters. Next, with the basis of simulation results, two system configurations were
selected which under different design parameters, produced sufficient amount of
torque and power in low wind speed. A 3 bladed null pitched VAWT with 1m radius
and 2.6m height with a 1.5KW 220V 3-Phase AFPMSG with 20 Pole was considered as
optimized configuration 1 whereas a 9 bladed null pitched VAWT with 14.5cm radius
and 60cm height with a 200W 12V 3-Phase AFPMSG was considered as optimized

configuration 2.

The fourth objective of this research was to evaluate the developed system and
compare it with current existing models in rural Malaysia in terms of cost analysis.
Both the configurations then were put into the WPR, ‘Weight to Power Ratio’, test in
order to select the performance in terms of low cost. It was found out that WPR of
configuration was 0.05kg/W whereas for configuration 2, it was 0.0625 kg/W.

Configuration 2, relatively was proved to be 20% more cost efficient than
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configuration 1. Also, cost estimation of configuration 1 was 1500USD whereas for
configuration 2, it was 310USD. Configuration 2 was the most inexpensive and
economical in comparison not only with configuration 1 but also with five other
existing wind turbine models in rural Malaysia. Hence, second configuration was
finalized on which energy harvesting would be implemented. Also cost analysis had
been made for 5 current existing wind turbine models in which our proposed system
was found out to be the cheapest. Few companies then had been contacted for
fabrication of the design but when they had been asked to give a datasheet of the
product or an open circuit test results in low wind speed, none of them agreed to
provide. Before finalizing the order, it was necessary to make sure whether the design
was good enough according to the simulation value. It was important to confirm that
it really could perform at low wind speed. Therefore, a prototype version was decided
to be constructed in the lab with approximately the same configuration to observe the
performance in low speed. The prototype was constructed with 9 bladed variable
pitch VAWT with 2 PMSG pole configurations; - at first with 4 pole, then with 8 pole.
The blade angle was varied to see the effect of pitch angle in output. As field testing
was taken place, the turbine showed maximum power in null pitch angle which was
aligned with the simulation result. Then, at 8 Pole PMSG configuration, turbine with
null blade pitch angle exhibited a set of open Circuit Voltage (7V, 7.5V, 7.9V and 8.1V)
for four different wind speed (4m/s, 5m/s, 6m/s and 7m/s respectively). This finding
justified the optimized design configuration to be effective in low wind speed. Hence,
after investigating the result from the prototype, the optimized design was finally sent

for fabrication.
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The final objective was to come up with an innovative efficient energy harvesting
hybrid system for the optimized system. This off-grid system is supposed to charge
battery through a Supercap bank in a minimal wind speed level. While waiting for the
optimized system to come after fabrication, the energy harvesting system was being
designed. A 10.8V Supercap bank, consisting of 4 Supercap of 2.7V, 35F each, was
connected to a 6V lead acid battery via DC DC converter. The circuit was being
controlled by MOSFET switching. Upon arrival of the machine, it was set-up in the
laboratory and was run for fiend testing with the energy harvesting circuit. There were
two parts in this experiment. For part one, 3 cases had been compared for
performance analysis. ‘Case A’ showed a battery of 6V, 3.2AH, being charged from
4.2V to 5V through a DC DC converter followed by a series of 4 Supercap. ‘Case B’ and
‘Case C' demonstrated the direct charging of the battery; where ‘Case B’ was
experimented with the converter and ‘Case C’' was without converter. Investigation
was carried for 3, 4 and 5 m/s wind speed. ‘Case C’ was taken as a reference. For a
wind speed of 5m/s, the result showed an increase of 19% of the charging time for
Case A while charging through Supercap. It took only 8.1 hours whereas direct
charging without converter took 10 hours. Supercap based charging was also found to
be 133% more efficient than direct battery charging with a converter. Keeping in mind,
that direct charging might not be the appropriate way of charging a device since
fluctuation of wind would result damaging the battery. As far as wind speed of 4m/s
concerns, the energy harvesting circuit, taking only 10.4 hours to charge up the
battery, again showed an excellent performance of 31% efficiency comparing with
direct charging that took a straight 15 hours lap. For 3m/s, energy harvesting circuit

still held the top position handsomely with 28% efficiency in comparison with direct
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charging. Coming back to part 2 of the investigation, experiment was done to charge
the same battery from 5V to 6V at 5m/s. Having the energy harvesting circuit being
implemented in the system, the battery was being charged by the Supercap bank at
first. It was found that with the energy harvesting circuit, battery took approximately
18.8 hours to finish charging whereas direct charging required 24.2 hours. In
accordance with the experimental result, energy harvesting circuit was found to be
22% more efficient than direct charging. This off-grid low voltage innovative approach

made the energy harvesting circuit novel in terms of design and efficiency.

To recapitulate, this research provides with an excellent novel idea of a standalone
Maglev based VAWT system connected to a PMSG that can able to harvest energy via
Supercap based battery charging circuit in low wind areas of rural Malaysia. Research
contribution of this thesis is original and it gives an outstanding foundation for future

study in energy harvesting for low wind rural areas of Malaysia.

The entire research had not been absolutely smooth all throughout and naturally it
had faced few ups and downs. The limitations faced while conducting the research are

listed as follow;

The limitations of the developed system and technique are listed below;

i) Firstly, turbine blade design was not taken in consideration in the
Simulation. As there was no proper mathematical model that relates
turbine blade number to output torque or power, the simulation therefore
did not account blade design although it could give better performance if
blade number was included in the design. In addition, due to budget

constrain, Finite Element Analysis could not be made possible to apply on

187



i)

turbine blades. Moreover, the position of blade, cut-in angle and vibration
analysis of the turbine could be done with FEA. Surely it could have given a
wider research scope area on modelling and blade material could be
brought into the optimization process for a better configuration.
Secondly, again due to budget constrain, while implementing the Maglev,
magnet positioning in the system could not be analyzed. Generally,
Computational Fluid Dynamics, CFT tool is used to analyze magnet
positioning. Simulation of generator with changing friction factor could not
give an exact idea on magnetic flux and force calculation for optimizing
Maglev based system.

Next, 16 pole configuration could not be made possible while constructing
the laboratory prototype. Instead, a maximum of 8 pole were placed in the
PMSG. Yet the result was similar to the 16 pole configuration because it
was seen in simulation result that at low rotational speed, effect of pole
changing makes little impact in generator output.

Moreover, DC DC boost converter used in this research did not perform
well according to the data sheet in its minimum range. As it was stated in
the data sheet, the converter can step up voltage from as low as 2.5V,
practically it could not step up voltage less than 4V. Therefore, the
Supercap charging range was made from 4V-7.5V which should have been
3V-7.5V. This had a direct effect on system efficiency. Lack of enough
budget could not give scope to go for an accurate low voltage range

converter.
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5.2.  Future Work

Future work that can be an outcome from the research and analysis delivered in this
thesis is going to be discussed here in brief. The potential work will be viewed from
the angle of improvements that can be made to the methods, techniques and results
presented. Starting from the beginning, turbine blade design and positioning is to be
taken in consideration with FEA. Vibration analysis in low wind speed may also be
performed. Turbine lift and drag aerodynamics may be taken in consideration to study
in depth and can later be incorporated with FEA for better torque generation. No
research had been conducted yet on building a mathematical model of blade number
that can relate either to torque, power and wind speed. One way to do is that turbine
should be tested under different number of blades and the result achieved from the

experiment, a model can be proposed.

An important task that can be taken in consideration in the near future, which is to
apply CFD in the magnet positioning and try to come up with few optimized designs
which will give nearly 0 friction. The total number of magnet, repulsive force that it is
causing, the position of them and the system weight impact can be calculated in the

design. This will surely help to increase the efficiency of the system.

Conventional DC/DC Boost Converter is to be replaced with Efficient one which is
specifically designed to work with voltage as low as 2-3V. This will help Supercap to
discharge even more and will play a vital role while dealing with low wind. All these
changes will improve the system and should make it capable of performing at 2m/s.
Since most of the electronic devices operate at 12V, a second DC/DC converter may

be placed to charge a 12V battery from the current 6V led Acid Battery.
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Laptop should be replaced with wireless system in the future. A real time wireless
monitoring interface could be made available. Embedded solutions providing wireless

end-point connectivity to devices like XBEE Modules can be of use in cases like this.

190



6. References

1. B. Ge and F. Z. Peng, “Current balancer-based grid-connected parallel inverters for
high power wind-power system,” International Transactions on Electrical Energy
Systems., vol. 24, no. 1, pp. 108-124, January 2014.

2. Renewable Energy Policy Network, “Global Status Report,” 2015. [Online].

Available: http://www.ren21.net/ren21activities/globalstatusreport.aspx. [Accessed

15 March 2015].

3. World Wind Energy Association, "New Record in Worldwide Wind Installation," 5

February 2015. [Online]. Available: http://www.wwindea.org/new-record-in-

worldwide-windinstallations/. [Accessed 15 March 2015].

4. X. S. Tang, Z. P. Qi, “Economic analysis of EDLC/battery hybrid energy storage,”

International Conference on Electrical Machines and System 2008, pp. 2729-2733,

October 2008.

5. M. Pedram, N. Chang, Y. Kim and Y. Wang, “Hybrid electrical energy storage

systems,”Proceedings of the 16th ACM/IEEE International Symposium on Low Power

Electronics and Design, pp. 363-368, August 2010.

6. Zaharim, S. K. Najid, A. M. Razali and K. Sopian “Wind Speed Analysis in the East

Coast of Malaysia,” European Journal of Scientific Research, Vol. 32, No. 2, pp. 208-

215, 2009.

7. R. Bharanikumar, A. C. Yazhini and N. Kumar, “Model-ling and Simulation of Wind

Turbine Driven Permanent Magnet Generator with New MPPT Algorithm,” Asian

Power electronics journal, Vol. 4, 2012.

8. Sai PC, Yadav RS, Raj RN, Gupta GRK. Design and simulation of high efficiency

counter-rotating vertical axis wind turbine arrays. International Conference and Utility

Exhibition 2014 on Green Energy for Sustainable Development, 2014.

9. W. Fei and P. I. Luk, “A New Technique of Cogging Torque Suppression in Direct-

Drive Permanent-Magnet Brushless Machines,” IEEE Transactions on Industry

Applications, Vol. 46, No.4, 2010, pp. 1332-1340. doi:10.1109/T1A.2010.2049551

10. Hansen AD, Michalke G. Modelling and control of variable-speed multi-pole
permanent magnet synchronous generator wind turbine. Wind Energy 2008.

11. Melicio R, Mendes VMF, Catalao JPS. Power converter topologies for wind energy
conversion systems: Integrated modeling, control strategy and performance
simulation. Renewable Energy, 2010.

12. Mohamed YA-RI. Design and implementation of a robust current-control scheme
for a PMSM vector drive with a simple adaptive disturbance observer. |IEEE
Transactions on Industrial Electronics, 2007.

13. Wang J, Xu D, Wu B, Luo Z. A low-cost rectifier topology for variable-speed
high-power PMSG wind turbines. IEEE Transactions on Power Electronics, 2011.
14, D. Almeida BR, Oliveira DS. Power converter for vertical wind energy

conversion system. Power Electronics Conference, 2013.

15. Corradini ML, Ippoliti G, Orlando G. Robust control of variable-Speed wind
turbines based on an aerodynamic torque observer. IEEE Transactions on Control
Systems Technology, 2013.

16. Conroy JF, Watson R. Low-voltage ride-through of a full converter wind turbine
with permanent magnet generator. [ET Renewable Power Generation, 2007.

191


http://www.wwindea.org/new-record-in-worldwide-windinstallations/
http://www.wwindea.org/new-record-in-worldwide-windinstallations/

17. Li S, Haskew TA, Swatloski RP, Gathings W. Optimal and direct-current vector
control of direct-driven PMSG wind turbines. IEEE Transactions on Power
Electronics, 2012.

18. Wu H, Wang Z, Hu Y. Study on magnetic levitation wind turbine for vertical type
and low wind speed. Asia Pacific Power and Energy Engineering Conference, 2010.

19. Zhang Tingting, Wang Hongxia, Dai zebing. Structure Optimization Design for
Cylindrical Vertical-axis Wind Turbines, East China Electric Power, 2008.

20. Patel N, Uddin MN. Design and performance analysis of a magnetically
levitated vertical axis wind turbine based axial flux PM generator. 7th International
Conference on Electrical & Computer Engineering, 2012.

21. Liu S, Bian Z, Li D, Zhao W. A magnetic suspended self-pitch vertical axis wind
generator. Asia Pacific Power and Energy Engineering Conference, 2010.

22. Patel N, Uddin MN. Design and performance analysis of a magnetically levitated
vertical axis wind turbine based axial flux PM generator. 7th International
Conference on Electrical & Computer Engineering, 2012.

23. A. Jha, Wind Turbine Technology, New York: CRC Press - Taylor & Francis
Group, 2011.

24. Cooper, P. & Kennedy, O. C. Development and Analysis of a Novel Vertical Axis
Wind Turbine. Proceedings Solar 2004 - Life, The Universe and Renewables (pp. 1-
9). Perth, Australia: Australian and New Zealand Solar Energy Society (ANZSES),
2004.

25. Rogers, A., Manwell, J., & Wright, S. Wind turbine acoustic noise. University of
Massachusetts at Amherst, Department of Mechanical and Industrial Engineering,
2006.

26. Annex to Pan 45 Renewable Energy Technologies, “Planning for Micro
Renewables”, Scottish Executive Development Department, Pan 45 Annex, 2006

27."College of Engineering: Wind Turbines," 21 June 2010. [Online]. Available:
http://people.bu.edu/dewl1/windturbine.html. [Accessed 10 March 2014].

28. W. Tong, Wind Power Generation and Wind Turbine Design, Southampton: WIT
Press, 2010.

29. M. Ragheb, "Vertical Axis Wind Turbines," 2014.

30. "Types of forces," 2014. [Online]. Available:
http://www.physicsclassroom.com/class/newtlaws/Lesson-2/Types-of-Forces.
31.C. T. Crowe, D. F. Elger, B. C. Williams and J. A. Roberson, Engineering Fluid

Mechanics, John Wiley & Sons, Inc., 2010.

32. 1. Paraschivoiu, Wind Turbine Design - with Emphasis on Darrieus Concept,
Québec: Presses internationals Polytechnique, 2009.

33. "Wind Turbine Power Ouput Variation with Steady Wind Speed," [Online].
Available:  http://www.wind-power-program.com/turbine_characteristics.htm.
[Accessed 10 March 2014].

34, P. Sabaeifard, H. Razzaghi and Forouzandeh, "Determination of Vertical Axis Wind
Turbines Optimal Configuration through CFD Simulations," Singapore, 2012.

35. L. Wang, J. Wei, X.W.X. Zhang, “The development and Prospect of Offshore Wind
Power Technology in the World”, IEEE World Wind Power and Energy Conference,
20009.

192


http://www.physicsclassroom.com/class/newtlaws/Lesson-2/Types-of-Forces

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Jinsong Kang, Zhiwen Zhang and Yonggiang, “Development and Trend of Wind
Power in China,” in Canada Electrical Power Conference, 2007.

I. Paraschivoiu, O. Trifu, and F. Saeed, “ H-Darrieus Turbine with Blade Pitch
Control”, International Journal on Rotating Machinery, Article ID 505343, 7 pages,
20009.

M.H. Hsu, “Dynamic Analysis of Wind Turbine Blades Using Radial Basis Function,”
Advances in Acoustics and Vibration, Article ID 973591, 2011.

S. Eriksson, H. Bernhoff and M. Leijon, “A 225 KW Direct Driven PM Generator
Adapted to a Vertical Axis Wind Turbine,” Advances in Power Electronics, Article
ID 239061, 7 pages, 2011.

M. S. Virk, Matthew C. Homola, Per J. Nicklasson, “Atmospheric icing on large wind
turbine blades,” International Journal of Energy and Environment, Vol. 3, Issue 1,
2012.

M. Luna, M. Pucci and G. Vitale, “Design of a Simple, Effective and Low Cost Micro-
Wind Energy Conversion System”, The Open Renewable Energy Journal, Vol. 4,
2011.

Li Yan, Chi Yuan, Han Yongjun, Li Shengmao and Tagawa Kotaro, “Numerical
simulation of icing on static flow field around blade aerofoil for vertical axis wind
turbine,” International Journal of Agric. & Biol. Eng. Vol. 4, No.3, September 2011.
M. Arifujjaman, “Modelling and Simulation of Grid Connected Permanent Magnet
Generator (PMG)- based Small Wind Energy Conversion System,” The Open
Renewable Energy Journal, Vol. 4, 2011.

M. Arifujjaman, M.T. Igbal and J.E. Quacioe, “Development of an Isolated Small
Wind Turbine Emulator,” The open Renewable Energy Journal, Vol. 4, 2011.

C. Nemes, F. Munteanu, “Development of Reliability Model for Wind Farm Power
Generation,” Advances in Electrical and Computer Engineering, Vol. 10, November
2010.

"Wind Turbines Theory - The Betz Equation and Optimal Rotor Tip Speed Ratio,"
[Online]. Available: http://www.intechopen.com/books/fundamental-and-
advancedtopics-in-wind-power/wind-turbines-theory-the-betz-equation-and-
optimal-rotor-tipspeed-ratio. [Accessed 11 September 2014].

M. Ragheb, "Optimal Tip Speed Ratio," 15 April 2011. [Online]. Available:
http://mragheb.com/NPRE%20475%20Wind%20Power%20Systems/Optimal%20
Rot or%20Tip%20Speed%20Ratio.pdf. [Accessed 5 February 2014].

A. Hemami, Wind Turbine Technology, New York: Cengage Learning, 2012.

T. Burton, N. Jenkins, D. Sharpe and E. Bossanyi, Wind Energy Handbook - Second
Edition, West Sussex: John Wiley & Sons, Ltd, 2011.

P. Schubel and R. Crossley, "Wind Turbine Blade Design," Energies, vol. 5, no. 9,
pp. 3425-3449, 2012.

A. Hemami, Wind Turbine Technology, New York: Cengage Learning, 2012.

"Pitch Systems of the Future - under all climatic conditions," [Online]. Available:
http://www.fsenergy.dk/dyn/files/basic_sections/61-file/wind.pdf. [Accessed 20
March 2014].

Raju. A.B., Fernandes B.G., Kishore C., “Modelling and simulation of a grid
connected variable speed wind energy conversion system with low cost power
converters” Renewable energy & power Quality Journal, No.1, 2003.

193



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Bharanikumar R., Yazhini A.C., Kumar N., “Modelling and simulation of wind
turbine driven permanent magnet generator with new MPPT algorithm” Asian
Power electronics journal, Vol.4, 2004.

Siegfried Heier, "Grid Integration of Wind Energy Conversion systems," John Wiley
& Sons Ltd, 1998.

A. Parviaien, M. Niemela, J. Pyrhonen, 2003Analytical, 2D FEM and 3D FEM
Modeling of PM Axial Flux Machine, Proceedings of 10th Power Electronics and
Applications Conference, 9-07581-506-9France, September 2003.

A. Miller, E. Muljadi, and D. S. Zinger, “A variable speed wind turbine power
control,” IEEE Trans on. Energy Conv., vol. 12, no. 2, pp.181-186, 1997.

T. Wildi, Electrical Machines, Drives and Power Systems (6% Edition). Sperika
Enterprises Ltd and Pearson Education, Inc., 2006

A. R. Hambley, Electrical Engineering, Principles and Applications, 5.ed. Pearson
Education, Inc, 2011.

Chalmers, B.J.; Wu, W.; Spooner, E. “An axial-flux PM for a gearless wind energy
system.” IEEE Trans. Energy Conv. 1999.

Sadeghierad, M.; Darabi, A.; Lesani, H.; Monsef, H. Rotor yoke thickness of
coreless high-speed axial-flux permanent magnet generator. IEEE Trans.
Magn. 2009.

Chaar, L.E.; Lamont, L.A.; Elzein, N. Wind energy technology-industrial update. In
Proceedings of the IEEE Power and Energy Society General Meeting, Detroit, M,
USA, 24-29 July 2011.

Chan, T.F.; Lai, L.L.; Xie, S. Field computation for an axial flux permanent-magnet
synchronous generator. IEEE Trans. Energy Convers, 2009.

J. Santiago, H. Bernhoff. “Comparison between axial and radial flux PM coreless
machines for flywheel energy storage. Journal of Electrical System. 2010.
Caricchi, F.; Maradei, F.; de Donato, G.; Capponi, F.G. Axial-flux permanent
magnet generator for induction heating gensets. IEEE Trans. Ind. Electron. 2009.
M. Aydin, S. Husang, and T. A. Lipo, "Optimum design and 3D finite element
analysis of non-slotted and slotted internal rotor type axial flux PM disc machines",
Power Engineering Society Summer Meeting, pp. 1409-1416, 2001.

F. Caricchi, F. Crescimbini, O. Honorati, and E. Santini, "Performance evaluation of
an axial flux PM generator", Proceedings of International Conference on Electrical
Machines (ICEM), pp. 761-765, 1992.

R. J. Hill-Cottingham, P. C. Coles, J. F. Eastham, F. Profumo, A. Tenconi, G. Gianolio,
"Multi-disc axial flux stratospheric propeller drive", Proc. of IEEE IAS Annual
Meeting Conference Record 2001, vol. 3, pp. 1634-1639, 2001.

H. Weh, H. Hoffman, and J. Landrath, “New permanent magnet excited
synchronous machine with high efficiency at low speeds, Institut fir Elektrische
Maschinen, Antriebe und Bahnen, Technische Universitdt Braunschweig, 1989.
Y.Y. Xia, J.E. Fletcher, S.J. Finney, K.H. Ahmed, B.W. Williams. “Torque ripple
analysis and reduction for wind energy conversion systems using uncontrolled
rectifier and boost converter.” IET Renewable Power Generatio. 2011.

C.Y. Hsiao, S.N. Yeh, J.C. Hwang. “Design of High Performance Permanent-Magnet
Wind Generator.” Energies. 2014.

Ming Yin; Gengyin Li; Ming Zhou; Chengyong Zhao. "Modeling of the Wind Turbine
with a Permanent Magnet Synchronous Generator for Integration," Power

194


http://www.intechopen.com/books/references/electric-vehicles-modelling-and-simulations/multiobjective-optimal-design-of-an-inverter-fed-axial-flux-permanent-magnet-in-wheel-motor-for-elec#B18
http://www.intechopen.com/books/references/electric-vehicles-modelling-and-simulations/multiobjective-optimal-design-of-an-inverter-fed-axial-flux-permanent-magnet-in-wheel-motor-for-elec#B18
http://www.intechopen.com/books/references/electric-vehicles-modelling-and-simulations/multiobjective-optimal-design-of-an-inverter-fed-axial-flux-permanent-magnet-in-wheel-motor-for-elec#B18

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Engineering Society General Meeting, 2007. IEEE, vol., no., pp.1-6, 24-28 June
2007.

Cristian Busca, Ana-Irina Stan, Tiberiu Stanciu and Daniel loan Stroe.“Control of
Permanent Magnet Synchronous of large wind turbines”. Denmark: Departament
of Energy Technology: Aalborg University, November 2010.

A New Technique of Cogging Torque Suppression in Direct-Drive Permanent-
Magnet Brushless Machines, Fei, W, Luk, P. I, IEEE Transactions on Industry
Applications, July-Aug. 2010.

R.S. Semken, Polikarpova, P. Nen. "Direct drive permanent magnet generators for
high-power wind turbines: benefits and limiting factors," Renewable Power
Generation, IET, January 2012.

H. Li and Z. Chen, “Overview of different wind generator systems and their
comparisons,” IEEE Renewable Power Generation, Vol. 2, No. 2, 2007, pp. 123-138.
H. Li and Z. Chen, —Overview of different wind generator systems and their
comparisons, |[ET Renewable Power Generation, vol. 2, pp. 123-138, 2008.

L. H. Hansen, L. Helle, F. Blaabjerg et al., —Conceptual survey of generators and
power electronics for wind turbines, Riso National Laboratory Technical Report,
Riso-R-1205(EN) Roskilde, Denmark, December 2001.

Y. Shankir, —Review of wind turbines’ drive systems and why gearless direct drive,
in Proc. RCREEE Wind Energy Building Capacity Program — Stage 2, Rabat, Tangier,
March 29-April 2, 2010.

H. Polinder and J. Morren, —Developments in wind turbine generator systems,
Electrics, Hammamet, 2005.

I. Boldea, The Electric Generators Handbook — Variable Speed Generators, Taylor
& Francis, 2006.

Rajveer Mittal, K.S.Sandhu and D.K.Jain “An Overview of Some Important Issues
Related to Wind Energy Conversion System” International Journal of
Environmental Science and Development, Vol. 1, No. 4, pp 351-363, October 2010.
F. Blaabjerg, Z. Chen, R. Teodorescu, F. lov, “ Power Electronics in wind Turbine
Systems” Aalborg University, Institute of Energy Technology IEEE- IPEMC 2006.
Jamal A. Baroudi, Venkata Dinavahi, Andrew M. Knight “A review of power
converter Topologies for wind generators”, Department of Electrical and
Computer Engineering, University of Alberta, Edmonton, AB., Canada.ppl-
17,2006.

M. Singh V. Khadkikar A. Chandra “Grid synchronization with harmonics and
reactive power compensation capability of a permanent magnet synchronous
generator-based variable speed wind energy conversion system” Published in IET
Power Electronics, vol 4, pp 122-130, 2011.

T. Christen, M. W. Carlen, “Theory of Ragone plots.” Journal of Power Sources,
December, 2000.

M. Pedram, N. Chang, Y. Kim and Y. Wang, “Hybrid electrical energy storage
systems,” Proceedings of the 16th ACM/IEEE International Symposium On Low
Power Electronics and Design, pp. 363-368, August 2010.

J. R. Miller, “Introduction to electrochemical capacitor technology,” IEEE Electrical
Insulation Magazine, vol. 26, no. 4, pp. 40-47, July 2010.

Y. C. Zhang, X. Shen and H. Liang, “Study of supercapacitor in the application of
power electronics,” WSEAS Transactions on Circuits and Systems, June 2009.

195


https://www.researchgate.net/profile/Thomas_Christen
https://www.researchgate.net/
https://www.researchgate.net/publication/229122460_Theory_of_Ragone_plots

90

91.

92.

93.

94.

95.

96.

97.

98.

99.

10

10

10

10

10

. D. Linzen, S. Buller, E. Karden and R. W. D. Doncker, “analysis and evaluation of
charge balancing circuits on performance, reliability, and lifetime of
supercapacitor systems,” IEEE Transactions on Industry Applications, vol. 41, no.
5, pp. 1135-1141, September 2005.

W. Qiao, W. Zhou, J. M. Aller, and R. G. Harley, “Wind speed estimation based

sensorless output maximization control for a wind turbine driving a DFIG,” |IEEE

Trans. Power Electron., vol. 23, no. 3, pp. 1156-1169, May 2008.

W. Qiao, G. K. Venayagamoorthy, and R. G. Harley, “Real-time implementation of

a STATCOM on a wind farm equipped with doubly fed induction generators,” IEEE

Trans. Ind. Appl., vol. 45, no. 1, pp. 98—107, Jan./Feb. 2009.

L. Qu, W. Qiao. “Constant Power Control of DFIG Wind Turbines with

Supercapacitor Energy Storage.” |EEE TRANSACTIONS ON INDUSTRY

APPLICATIONS, 2011.

H. Babazadeh, W. Gao and X. Wang, “controller design for a hybrid energy storage

system enabling longer battery life in wind turbine generators” North American

Power Symposium (NAPS), pp. 1-7, August 2011.

S. Park, Y. Kim and N. Chang, “hybrid energy storage systems and battery

management for electric vehicles,” 50th ACM/IEEE Design Automation Conference

(DAC), pp. 1-6, May 2013.

A. Ostadi, M. Kazerani and S. K. Chen, “Hybrid energy storage system (HESS) in

vehicular applications- a review on interfacing battery and ultra-capacitor units,”

IEEE Transportation Electrification Conference and Expo (ITEC), pp. 1-7, June 2013.

E. L. Worthington, “Piezoelectric energy harvesting: Enhancing power output by

device optimisation and circuit techniques,” PhD thesis, School of Applied

Sciences, Cranfeild University, 2010.

L. Solero, Lidozzi, A and Pomilio, J.A., "Design of multiple-input power converter

for hybrid vehicles," Power Electronics, IEEE Transactions, vol. 20, no. 5, pp. 1007

- 1016, September 2005.

G. Nielson and Emadi, A., "Hybrid energy storage systems for high-performance

hybrid electric vehicles," in Vehicle Power and Propulsion Conference (VPPC),

2011 IEEE, Chicago, IL, September 2011.

0. Glavin, M.E., Chan, P.K.W., Armstrong, S and Hurley, W.G, "A standalone
photovoltaic supercapacitor battery hybrid energy storage system," in Power
Electronics and Motion Control Conference, 2008. EPE-PEMC 2008. 13th, Poznan,
September 2008.

1. Glavin, M.E and Hurley, W.G, "Ultracapacitor/ battery hybrid for solar energy
storage," in Universities Power Engineering Conference, 2007 42nd International,
Brighton, September 2007.

2.  M.A. Tankari, M.B. Camara, B. Dakyo, C. Nichita, “Ultracapacitors and Batteries
Integration for Power Fluctuations mitigation in Wind-PV-Diesel Hybrid System",
International Journal of Renewable Energy Research, Vol. 1, No. 2, pp. 86-95, 2011.

3. C. Abbey, G. Joos, “Supercapacitor Energy Storage for Wind Energy
Applications”, IEEE Transactions on Industry Application, Vol. 43, No. 3, June 2007.

4. L. Qu, W. Qiao, “Constant Power Control of DFIG Wind Turbines with
Supercapacitor Energy Storage”, IEEE Transactions on Industry Applications, Vol.
47, No. 1, February 2011.

196



105. E. L. Worthington, “Piezoelectric energy harvesting: Enhancing power output
by device optimisation and circuit techniques,” PhD thesis, School of Applied
Sciences, Cranfeild University, 2010.

106. W. Li and G. Joos, “A Power Electronic Interface for a Battery Supercapacitor
Hybrid Energy Storage System for Wind Applications”, IEEE Transactions on Energy
Conv, Vol. 2, 2008.

107. C. V. Aravind, Rajparthiban, Rajprasad and Y. V. Wong “A Novel Magnetic
Levitation Assisted Vertical Axis Wind Turbine- design and Procedure,” IEEE
Colloquium on Signal Processing and its Applications, Melacca, Ma-laysia CSPA
2012

108. JA.M. De Broe, S. Drouilllet and V. Oevorglan, “A Peak Power Tracker for Small
Wind Turbines in Battery Charging Applications,” IEEE Transactions on Energy
Conv., Vol. 14, No. 4, Dec. 1999.

109. J. D. M. Whaley, W. L. Soongand and N. Ertugrul, "In-vestigation of Switched-
Mode Rectifier for Control of Small-Scale Wind Turbines," Intl’ Conference
Proceed. of IEEE-IAS Annual Meeting, Vol. 4, 2005.

110. S. Belakehal, H. Benalla and A. Bentounsi, “Power Maximization of Small Wind
System using Permanent magnet Synchronous Generator” Revue des energies Re-
nouvelables, Vol. 12, No. 2, 2009.

111. J. G. Slootweg, H. Polinder and W. L. Kling, “Repre-senting Wind Turbine
Electrical Generating Systems in Fundamental Frequency Simulations," IEEE Trans.
Energy Convr, Vol. 18, No. 4, Dec. 2003.

112. A. G. Westlake, J. R. Bumby and E. Spooner, "Damping the Power-angle
Oscillations of a Permanent Magnet Synchronous Generator with Particular to
Wind Applications," Proc. Ekct. Power Appl., Vol. 143, No. 3, May 1996.

113. Barote L., Clotea L.: MPTT control of a variable - speed wind turbine, Bulletin
of the Transilvania University of Brasov, vol. 13, series A1, ISSN 123-9631, Brasov,
Romania, pp. 195-201, 2006.

114. Rolan A., Luna A., Vazquez G., Aguilar D., Azevedo G., “Modelling of a variable
speed wind turbine with a permanent magnet synchronous generator” IEEE
international symposium on industrial electronics, 2009.

115. D.W.NovotnyandT. A. Lipo, Vector control and dynamics of AC drives. Oxford:
Clarendon, 1996.

116. M. Yin, G. Li, Ming Zhou, Chengyong Zhao, 2007 “Modeling of the Wind
Turbine with a Permanent Magnet Synchronous Generator for Integration”. Power
Engineering Society General Meeting, IEEE, 2007.

117. E. Muljadi, C.P. Butterfield, Yih-Huei Wan, 1998 “Axial Flux, Modular,
Permanent-Magnet Generator with a Toroidal Winding for Wind Turbine
Applications” Industry Applications Conference, 1998.

118. Lusu Guo, and Leila Parsa, “Model Reference Adaptive Control of Five-Phase
IPM Motors Based on Neural Network”, 2011.

119. Fei Yu, Xiaofeng Zhang, Suhua Wang, “Five-phase Permanent Magnet
Synchronous Motor Vector Control Based on Harmonic Eliminating Space Vector
Modulation”, Industry Applications Conference, 1998.

197


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5899
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5899

120. M. T. Mohammad, J. E. Fletcher, and N. A. Hassanain, “Novel Five-Phase
Permanent Magnet Generator Systems for Wind Turbine Applications”, IEEE
international symposium on industrial electronics, 2004.

121. B.Zhang, H. Bai, S. D. Pekarek, W. Eversman, R. Krefta, G. Holbrook D. Buening,
“Comparison of 3-, 5-, and 6-Phase Machines for Automotive Charging
Applications”, Power Engineering Society General Meeting, 2003.

122. M. Pedram, N. Chang, Y. Kim and Y. Wang, “Hybrid electrical energy storage
systems, “Proceedings of the 16th ACM/IEEE International Symposium On Low
Power Electronics And Design, pp. 363-368, August 2010.

123. S. A.Khan, R. Rajkumar, CV Aravind, “Performance Analysis of a 20 pole 1.5KW
3-Phase PMSG for low speed VAWT”, Energy and Power Engineering, 2013.

124. R. Bharanikumar, A. C. Yazhini and N. Kumar, “Model-ling and Simulation of
Wind Turbine Driven Permanent Magnet Generator with New MPPT Algorithm,”
Asian Power electronics journal, Vol. 4, 2012.

125. W. Fei and P. I. Luk, “A New Technique of Cogging Torque Suppression in
Direct-Drive Permanent-Magnet Brushless Machines,” |EEE Transactions on
Industry Applications, Vol. 46, No.4, 2010.

126. S. Belakehal, H. Benalla and A. Bentounsi, “Power Maximization of Small Wind
System using Permanent Magnet Synchronous Generator” Revue des energies Re-
nouvelables, Vol. 12, No. 2 ,2009.

127. C. Busca, A. Stan, T. Stanciu and D. I. Stroe “Control of Permanent Magnet
Synchronous of Large Wind Tur-bines,” Denmark : Department of Energy
Technology: Aalborg University, November 2010.

128. A. Hossain, A.k.M. Igbal, A. Rahman. Design and Development of a 1/3 Scale
Vertical Axis Wind Turbine for Electrical Power Generation, Journal of Urban and
Environmental Engineering, pp 53-60, 2007.

129. A. Albani, A.Z. lIbrahim, Preliminary Development of Prototype of Savonius
Wind Turbine for Application in Low Wind Speed in Kuala Terenganu, Malaysia,
International Journal of Scientific and Technology Research, Vol-2, May 2013.

130. A.S.M.F. Aljen, A. Maimum, Low Speed Vertical Axis Current Turbine for
Electrification of Remote Areas in Malaysia, Recent Advances in Renewable Energy
Sources, 2015.

131. Z.A.Darus, N.A.Hashim, Potential of Wind Energy in Sustainable Development
of Resort Island In Malaysia: A Case Study of Pulau Perenthian, Journal of
Mathematical Methods, Computational Techniques, Non-Linear Systems,
Intelligent Systems, ISBN: 1790-2769, 2007.

132. I. Daut, M. Irwanto, Suwarno, Y.M Irwan, N. Gomesh, N.S. Ahmad; Potential of
Wind Speed for Wind Power Generation in Perlis, Northern Malaysia;
TELKOMNIKA, Vol. 9, pp 575-582, Malaysia, December 2011.

133. M.Yin, G.Y. Li, M. Zhou and C. Y. Zhao, "Modeling of the Wind Turbine with a
Permanent Magnet Synchro-nous Generator for Integration," Power Engineering
So-ciety General Meeting, 2007.

134. K. Tan and S. Islam, "Optimum Control Strategies in Energy Conversion of
PMSG Wind Turbine System without Mechanical Sensors," Energy Conversion,
IEEE Transactions on, Vol. 19, No. 2, June 2007.

135. NASA, “Priorities in Space Science Enabled by Nuclear Power and Propulsion,”
National Academies Press, 2008.

198



136. Mollenhauer, Klaus, Tschoke, Helmut, “Handbook of Digital
Engines,” Springer, 2010.

137. K. Yazawa, A. Shakouri, “Cost-effective waste heat recovery using
thermoelectric system”, Birck and NCN Publications, 2012.

138. LT103 Data Sheet, Available[online]:
http://cds.linear.com/docs/en/datasheet/It1303.pdf. [Accessed 12 December
2015

139. [Online]. Available: http://www.electronics-lab.com/tag/current-sense/.
[Accessed 5 January 2016].

140. W. X. Y. Yang, "Design of high-side current sense amplifier with ultra-wide
ICMR," Circuits and Systems, 2009. MWSCAS '09. 52nd IEEE International Midwest
Symposium , pp. 5-8, 2009.

141. S.Z. H.H.C. I. C. W. Lai, "High gain amplification of low-side current sensing
shunt resistor," Power Engineering Conference, 2008. AUPEC '08. Australasian
Universities, pp. 1-5, 2008.

142. Interface an LCD with an Arduino," 16 April 2015. [Online]. Available:
http://www.allaboutcircuits.com/projects/interface-an-lcd-with-an-arduino/.
[Accessed 1 February 2016]

143. NASA, “Priorities in Space Science Enabled by Nuclear Power and Propulsion,”
National Academies Press, 2008.

144. Mollenhauer, Klaus, Tschoke, Helmut, “Handbook of Digital
Engines,” Springer, 2010.

145. K. Yazawa, A. Shakouri, “Cost-effective waste heat recovery using
thermoelectric system”, Birck and NCN Publications, 2012.

146. S. A.Khan, R. Rajkumar, CV Aravind, “Performance Analysis of a 20 pole 1.5KW
3-Phase PMSG for low speed VAWT”, Energy and Power Engineering, 2013.

147. R. Bharanikumar, A. C. Yazhini and N. Kumar, “Model-ling and Simulation of
Wind Turbine Driven Permanent Magnet Generator with New MPPT Algorithm,”
Asian Power electronics journal, Vol. 4, 2012.

148. W. Fei and P. I. Luk, “A New Technique of Cogging Torque Suppression in
Direct-Drive Permanent-Magnet Brushless Machines,” |EEE Transactions on
Industry Applications, Vol. 46, No.4, 2010.

149. S. Belakehal, H. Benalla and A. Bentounsi, “Power Maximization of Small Wind
System using Permanent Magnet Synchronous Generator” Revue des energies Re-
nouvelables, Vol. 12, No. 2 ,2009.

150. C. Busca, A. Stan, T. Stanciu and D. I. Stroe “Control of Permanent Magnet
Synchronous of Large Wind Tur-bines,” Denmark: Department of Energy
Technology: Aalborg University, November 2010.

151. M.Yin, G.Y. Li, M. Zhou and C. Y. Zhao, "Modeling of the Wind Turbine with a
Permanent Magnet Synchro-nous Generator for Integration," Power Engineering
So-ciety General Meeting, 2007.

152. K. Tan and S. Islam, "Optimum Control Strategies in Energy Conversion of
PMSG Wind Turbine System without Mechanical Sensors," Energy Conversion,
IEEE Transactions on, Vol. 19, No. 2, June 2007.

199



Appendix

Journal 1

[Energy and Power Engineering, 2013, 5, 423-428 a5t Scientific

doi: 10,4236 epe 2013 S4B0S2 Publizhed Crline Fuly 2013 (hrtp:! www. scirp. org oummal epe) "33 Research

Performance analysis of 20 Pole 1.5 KW Three Phase
Permanent Magnet Synchronous Generator for low Speed
Vertical Axis Wind Turbine”

Shahrukh Adnan Khan', Rajprasad K. Rajkumar’, Rajparthiban K. Rajkumar!, Aravind CV?
Faculty of Engineering, University of Mottingham Malsysia Campus, Jalan Broga, Semenyih Malaysis
*School of Engineering, Taylor's University, Selangor, Malaysia
Emuail: kecxlmsaamottingham edu my, Fajprasad Fajlumanamemingham edu nry,
Fajparthiban Bajkuoman@nottinsham edu moy aravindovidiess. org

Feeceived April, 2013

ABSTRACT

Thiz paper gives performance analysis of a three phase Permanent Magnet Synchronons Generator (PMS(G) commected
to a Vertical Ass Wind Turbine (WAWT). Low speed wind condition (less than 5 m/s) 15 taken m considerstion and the
entire simmlafion 1= camed m Matlab/Sirmalink environment. The rated power for the generator 15 fixed at 1.5 KW and
mmmber of pole at 20. It is observed under low wind speed of & m's, a hwbme having approxmately 1 m of radins and
2.6 m of height develops 1530 Nm mechamcal torque that can generate power up to 1.5 EW. The generator is desizned
wmg modehng tool and 15 fabneated. The fabricated penerator 15 tested in the laboratory with the symlation result for
the emor analvsis. The range of emor 15 about 5%6-27% for the same output power value. The hmitztions and pos=sible

canses for emror are presented and discussed.

Keywords: Vertzcal A=z Wind Turbine; Three Phase Mulb-pole permanent Magnet Synchronous Generator; Lowr

Wmd Speed; Modelng, Performance Analyzis

1. Introduction

Janons couniries worldwide are aware of the fact that
the past and cwrrent trends of energy system are not sus-
tamable and a soluton peeds to be dizwn to secure the
world energy from a drashe fallms. One of the sowrces
that can replace the cwvent wrend 15 surely wind energy
which greatly depends on the avalatibity of the wmnd
resource. Areas found around the equatonal regions tend
to have low wind speeds. For example, Malay=ia cur-
rently has an average wind speed of 2-3 m's, with higher
wind velocity in the east coast of west Malaysia [1]. For
a tvpical horzontal axis wind turbine to run and generate
power, 3 wind speed of at least 5 m's 15 required [2]. A
spead that 15 less than 5 m's 15 not sufficient to twon the
turbine. Another predicament 15 that these repions face
unsteady nmlt-directional winds makmg HAWT totally
incompatible m such areas. The vertical zos wind tar-
bine (WVAWT) on the other hand 15 appropriate for such
repons due to its abibty to caphwe wind energy at amy
direction. Also, the use neodvimuium magnets for suspen-
sion at the bottom swface assist attaimmg zero fction,
which kelps counter the low wind speed problem [2].

Conventional generators can be replaced with Perma-
nent Magnet Synchronous Generator (PMSG) wsing noulh-

Copyright © 2013 Scifes.

pole stator amrangement. The omlti-pole stator arrange-
ment can be configured to generate hizh voltage at low
revohition, and hagh cwrent at faster speeds. The stator 1s
desizmed to produce peghmble cogmng torque therefore
causing the generator to start up and cut-in at low speeds
to produce lgh cwrent [3]. One sigmficant advantage of
PMSG, 15 that 1t 15 nmch lighter, smaller m size, and uses
less constructional matenal so lowenng cost and bub size
[2][3]. Although a number of researches m the area of
VAWT and PMSG are camied through separately, few
attempts were taken to build a system together that work
more efficiently at low wind speed. Moreover, thers 1= a
sigmficant lack of research to find an optimal mult-pole
PMSG for a VAWT wath a fixed swept area wiach 15
realisiic to work mn those low wind speed countnes.
The mam objective of this paper 1= to somulate and mwves-
tigate the response of 2 permanent synchronous generator
of a verical wind twhme under different operatimg sce-
naneo through m Matlab' Spmulink environment.

2. Methodology

The equations of VAWT and PMSG are implemented in
SIMULINE and a graphical user interface 15 developed
to ad users mn desipming the VAWT. For the modaling
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part, at first the turbme section 1z designed. The radms,
wind speed, the swept area, the power coefficients and
pitch angles are made as vanables. After desipming the
turbine, simmlation 1s performed and the data 1= compared
with the analviical desizn value to ensure the accuracy of
the tuwrbme design. Later, with the changmg parameters,
the torque and the power cutput values are observed and
opimmal design parameters are denved. The simmlation of
PMSG 15 camed for different values of mechanical
torque and speed for the pre selected values from the
simmlation and lasthy the load voltage, cument and power
are measured for evaluation. The generator desizn 15 de-
veloped and 15 experimentally tested and compared wath
the smmilation data. Figure 1 show the methodology
used m this approach.

3. Modelling
3.1. Design of VAWT

The desizn of VAWT derived from the work stated in
[5-121.
The aerodynamic power P, of the turbine 15 ziven by
the Equation 1.
C, () paT M
Here, P is the #@ir density i (kg'm”) at normal tem-
perature, A 15 the area covered by the wind tuwbme rotor
in (m"), U, is the wind speed in (ms™), C, is the power
coefficient of the wind twbine and A is the tip-speed
ratio and is related to the rotor speed (64, inrads™) in as

in Equation 2.
L= %ﬂf(‘p &
A=3IRH (3

where R 15 twrbine radms wm {m), H 15 the twbme height
in (m). The power coefficient C,.J_mg;l.reu as a finction of
& (piich angle of the hobme) and & {the tip-speed ranio).
The value of C;, can only go as ugh as .39 according fo
the Betz law [6, 7). The mechanical torque is related with

mechameal power by Equation 4.
[Mefine Parmmeters [Wladel the TS
anwl Varigbles Mulii-pule
Y . Conflguraticns
Mudelling wing Y
= MATLAR : N
Design Amalysis
SIMULINK. 4 sing Numerical Tool
ik analysis Cipgimal
M1 | Fancation of
fiu:'.n'lll:ﬂ.*i Volaps | fhe Mnchine
Cormare and |
Evalugie Resulis =8

Fizure 1. Methodology nsed in this design.

Copyright © 2013 Scilles.
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Fizure I shows the modeling and design of the horbme.
For computation of the power coefficlent, maxmwmm
power coefficient 15 at oull pitch angle 1= 04412 [1].
Taking the value of C; as 0.4412, air density as 1.225,
the above mentioned equations are used to caleulate the
swept arez, mechamcal power from the twhbine and me-
chanical forque generated from it. Wind speed. radius
and the height of the hwbines are vaned m the simulation
to get optimal torque and power.

3.2, Design of the Three Phases PAMSG

Axia]l Flux Permanent Magnet (AFPM) motor wath s
magnete flux propagating at an aaal diechion from the
magmets and are best swied for low wind speed [4-5]
[12]. In companson to the transverse fhex design the ax-
1al flux design offers high torque and power density.
Therefore the AFPM is considered for the development
of this research woik. The entire smmulaton 15 designed
in terms of park transformation analysis that 15 a veetor
representation of three phase ac cwrowit models into a dg
reference coordinates [10-13] as shown in Figure 3.
The park transform equation 15 given belowr:

fa f
ol o
b &

Here, f can be cwrent, voltage or flux

!n-ﬂ.-aru|u~:-.|:|mz-q;||
r

- o

M * lambiy

Figure 3. Park transform for generators.
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Typ 15 given by Equation & .
[Fear @) 1=
o &, miﬂG—v—!T rn-:[&,+11—1‘
= s, -smﬁe,,-’li]‘ -56.1.{95. -’Il
L . i
3 3 3
Here, 8 15 the angular posiion. The coupling element
between turbine and generator 1s desenbed with Swing's
equation which 15 stated at Equation 7 and Equation 8.

(6)

B2 - - )
=% ®

Here, T 1= the total moment of merhia of the rotor mass
in kgm?®, T, 1z the mechamcal torque m Mm , T. 15 the
alectrical forque output of the generator m Nm, W, 1= the
mechameal spesd of the rotor in (rpm) and 8 15 the anmu-
lar position of the rotor in (rad). Voltage of PMSG m the
d-q ax1s 15 then expresszed as in Equation 9 - Equation 10.

Vo= (r+ PLolig- wilaly + wydy ()
F'i = — {}' + ]J'L,?J:jq— Wrbq:q (lﬂ}

From the above asserhions, the dymamie electical

model 15 shown as m Equation 11 — Equation 13,

%'ﬁ{—lﬂq— wy [(Lag+ Lig Mg+ 214 Us)

+
an
L= Ly + a2)
Lo= Ly + 1y )

Here, Ls, L, and Ly, Ly, are the inductances and leak-
age mhictances (H) on the d ax1s and q axs respectively.
I, 1y and U, U, ave the stator cuments and voltages cor-
responding to the d-axas and g-zas. B 15 stator resistance
(£2), b, 15 the magnetic flex linkage (Wh). Here,

ET AL 425

Here, p 15 the mumber of poles [12]. The dg frame cur-
rent 1= menhoned as follows [13]:

ai =B o 1 -

gy _ TReg | velglg g

S A s (15)

diy _ P Wplala | Wads , Tg
=8, ey Teuiy 16

o e T T

Figure 4 shows the equivalent cowewt for dg ams
where as Figure & represents the block diagzram of three
phase PMSG which i desigmed m Smubnk.

The electromagnetic torque for generator [12]:

T, =15p (g - Llak+ Igdg)  (17)

The stator resistance 15 taken as 14 Q; mductance of
both dg axes 1= used as 0.8 mH; flux hnkage established
by magmet 15 0.175 Wh and mass inertia 1s considered to
be 0.089 kg/m®. The desien is for 10 pole pairs and the
fnction factor 15 neglected. The rated power at load 1s
considered to be 1.4 EW. An AC-DC rectifier 15 con-
nected at the load temmnal of the generator to convert the
voltaze and cwrent to DC value, The meide subsystem
part of the generator 1= Ziven as m Fizure 6. Table 1
gves the values of parameters used mn the desizm The
ophmal parameter for the generator 1= used for numencal
anzly=is. Figure T(a) show the desizn of the generator
Figure T(b) shows the fabnicated generator.

b | g-axis Equinvale

Wy = Py 4 Figure 4. Equivalent q-axis and d-axis representation.
_ =] =Te= meny = .
t - i ) ta
M T e m f
e e UL T ‘ =
-l | [ T e s | T MRS esssrienst e
w C ranr i = gl il Y [

LY ] L] p— I =
bt = m Fiunj = i
| e = = [ i i L LT R T T S o A a8 = o] § s e B3 a2
i Tim  eYEEEESL ] 3 R 8 ] B S k] A 8 o] s gt MR 2 a3 [

il y FR—
" Mt B e - -
I oy = =]
ey W [
AL b
e ':: 1..-..... ] 3
-
Figure 5. Modeling in Matlab/Simulink (Generator Part I).
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Wm Wr
= i
= Afs P + Afs 1
I o Lintegratorz - Wr infagratary IFeta
i Addd Wi " Displayl
Disglay
Figure 6. Subsystem {CGenerator Part IT).
Table 1. Design Parameter.
Model Parameter Name Value
Air Density 1.125ke/m’
Pirch Angle 0
VAWT Power Cosfficient 04412
Wind Speed 2mis-Tm's
Turbime Height 1.6m-2.6m
Trbine Padies 1.6m-2.6m
Stator Phase Fesistance 14 ohm
Inchuctance (d.q) 0.BmH
Flhaz Linkage 0175V
FMSG  Inerda 0.08ar
Pols Pair 10
Futed Power L3EW
Monnnal Fraquency SIHz
h-{ugnul
Coil
v, o Magnet
L,
S
h ;-f"

() Design Smucre () Fabricated Modsl
Figure 7. FAMSG at optimal vales.

4. Besults and Discussion
4.1. Case 1 (Simulation of Turbine)

In this part, s;mulation 1= performed to get torque and
power for different values of radins and height keepmg
one parameter fiwed at 2 tme and compared with ana-
bytical values to venfy the acowracy of design. Figure §
shows the analyteal and smmulaton companson of me-
chamical torque for different swept areas while varving
the radius of the twbme. The heizht 15 fixed at 2m. As ot
can be seen from Figure 7, analytical and siwmlation
results are much closer to each other. This proves that the
desipn of the turbine created m modeling 1= appropriate
to work with. After taking consideration of different val-

Copyright © 2013 Scifes.

ues of hurbme radius and beight, it is observed from Fig-
ure 9 that at low wind speed. 0.8 m-1.2 m radms would
be smtable for produems higher cutput pewer. Howevar,
the radms of the furbine 15 taken to be a fixed value of
lm From Fizure 10, it can be observed that the height
between 2 m to 2.8 m is suitable to produce better cutput
power. Therefors, the heaght of 1t 1= fived at 26 m.

4.2, Caze 2 (PMAG connected to VAWT)

The stator resistance, inductance at dg frame flux hnk-
age, mass Inertia and pole paws are vaned and a set of
rezlishic parameter valies are fimed (grven m Table 1) m
whach the voltage and cwrent were satisfactory to pro-
duce power. The power 15 increased with the mereasa m

the mumber of pole and for practical consideration the
= Mechanical Torgue vs Ewept Ares
Syt Vale
1wl 4
. -
3
H ,
z| J
o r L L : L
1 F] 3 r = 3 T

Swept Area of WAWT ()
Figure 8. Mechanical Torgue- Swept Area curve.

Mechanical Torque vs Rades
T T T T T T
e w im T TS
——— i T
b | == gms
L]

Machanicl Torqua gamarmtad fram VAT (Nm)

g
T e |
==
J I
1aF |
....... R ropmm— S m——
I e
15 12 z 23 & - -

Riadhes of VAT [mj)

Figure 9. Torque generated for different radims.
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number of pole par 15 fixed at 10. Figure 11 evolved by
changng the mechamical terque for different wind speed
and keepmg the generator parameter fixed at optmal
value. The load power 15 measured to make sure that the
generator 15 able to produce adequate ocufput power for a

range of torque at low wind speed.

4.3. Case 3 (Hardware Testing)

The developed generator 15 expenmentally tested at la-
boratory and the results are compared with that of the
simmlation value. Figure 12 - Figure 14 shows theoreti-
cal and experimental compansens for a fived wind spead
of & m's. Wind speed 1= taken as hugh vale in order to
investizate the difference in vahie accurately.

The experimental values are quite identical wath simm-
lafton mdicating the accwracy of the smmlaton desizn
The =simumlation power values for different speed amd
mechameal torque are higher than experimental values.
Thiz 15 due to power loss for fnchion factor as 1t 15 ne-
glected o the simmlation.

Wechanical Torgue vs Heght

i i 2 T _,—-'"
e e TS .- b
e o 5§ TS A

Bow o d oM 8

Machanical Tonque generabed from VAWT (Nm)
I

- N E—.1
n B 1

18 12 2 FE 24 18 8 3
Hsight of VAT (m)

Figure 10. Torque generated for different heights.
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18l

Figure 11. Graph of Power values atf the load for different
mechanical torque.
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5. Conclosions

An optomal system 1= bult for low level wmd spesd. The
VAVWT sinmlanon produces torque and power with an
estmated error of 1on rangmz from 0.05%-10% accord-

mg to Table 2. After munming severzl stages of sinmlation,
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the swept area 15
Table 2. Error Estimation of VAWT.

Swept Area AMdechanical Torgue [Nm] Error
[m] Theorefical  Simulafion [*e]
15 0.58 ] BT
24 1357 1.7 218
12 276 284 29
4 420 4324 0.8
48 6226 &3 118
1. 2474 B3 205
L 11.062 11.074 Q.0
Table 3. Error Estimation of FMSG.
MechanicalTorgue(: Load P Ermor
3 ‘o ]
m) Sommlation Expernmental 0
52 148 124 1480
8.6 284 240 1549
834 416 367 1181
102 5B6 i34 881
1169 817 733 1023
1319 1004 Q54 4.7¢
1492 1242 1209 41
1658 1878 1500 2013

fixed at 5.2 m" having fixed the radivs and height of the
turbine to 1 m and 2.6 m respectively. For the generator
part, the simmlation data 15 gathered for dafferent valuwes
of torque from the turbine: the design 15 bualt 1 CFD and
sent to a2 manufactming company. Upon armmal, the gen-
erator 15 tested and load voltage and power were meas-
ured for different set of values of BEPM and Torque. As it
can be seen in Table 3, there were differences while cal-
culating the error (3%e- 27%0) for load power. It 15 due to
the finchon factor and stator mductance difference. Thas
VAWT wnth PMSG can make a2 sagpmficant mmpact for
lovwr level wind situahon m whech Malay=ia and so many
other countnes stand.
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Abstract: This paper focuses on developing an optimal system of Vertical Axis Wind Turbine
(VAWT) for low wind speed. After studying the performance analysis of the turbine parameters for
speeds less than 5 m/s. a realistic model was designed in Matlab' Simulink that could produce suitable
torgue for low wind condition. The Multi-pole Axial Flux Permanent Magnet Synchronous Generator
(PMSG) had been proven to be a good choice for this optimal design as it performed well encugh to
generate sufficient amount of voltage and power. The turbine design parameters such as the radins,
height and wind speed were varied to observe the change in generator output veltage and power and
based on that an optimal design for Permanent Magnet Synchronous Generator was proposed in this
paper. The simulation results were tested with an actual Permanent Magnet Synchronous Generator
in laboratory applying the optimized furbine parameters and were compared accordingly for error
calculation. Lastly, fomre possibility of improvement and the limitations had been proposed to
develop the system further.

Introduction

It is a matter of fact that the trends of energy system are not sustainable and a superior solution is
required in order to protect the world energy from diminishing. Surely, wind energy is ene of the
promising sources in this aspect but this energy very much relies on the accessibility of the wind
resource. Many countries do not have an average wind speed more than 3m/s. for example Malaysia:
thus making the horizontal axis wind turbine (HAWT)[1]. Furthermore, multidirectional wind 13
another problem while taking in consideration the incapability of HAWT to handle it. The vertical
axis wind turbine (VAWT) on the other hand iz appropriate for such regions being capable of
catching wind from all directions. On the other hand, lacking of DC field. use of strong neodyminm
magnets make the Permanent Magnet Synchronons Generator a perfect match with VAWT.
Furthermore, it is light in weight. smaller in comparison with other generators which makes it the best
suited considering low wind speed environments [2][3]. A lot of research in the area of VAWT and
PMSG had been done already. Yet, a small number of efforts were taken to construct a system jointly.
To recapitulate, there 1s a considerable need of research to be done finding the best possible realistic
multi-pole PMSG arrangements that can work with VAWT for a specific swept area for low wind
level cases. The aim of this paper is to look into the behaviours of a PMSG connected to a VAWT
nnder varions changing parameters nsing Matlab/'Simwlink:.

Methodology

At first. the mathematical formmlas of VAWT and PMSG had been put into the design in SIMULINE
for both VAWT and PMSG. As far as the turbine concerns, radins., wind speed, area. the power
coefficients and pitch angles were made to be the variables where as turbine mechanical speed. output
torgque and power were taken as turbine owtput. Next. three phase PMSG was designed and simulation
was performed for different values of turbine mechanical torque and BPM. Load voltage. current and
power were taken as the output of the generator.

All rights resarves. Mo part of contents of this be regrogucsd o transmitted In any form or means without the writien permission of TTP,
mﬂ%mt. iD: AT BT 0 B T = oy
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Modelling and design

The aerodvnamic equations of VAWT are given by the equation 1. 2. 3 and 4 stated below [2]-[4]:

. @ R - P
1 =Cp(A)2pAUS, (1 A=22C (2) T, =—%(3) A=2RH (4
Fm=Cp( = 5PAL;, (1), U, »f Sy (3 tH (4)

Here, A iz the furbine rotor cover area in meter sguare {m ). [eis t}:ue air density that is 1.225kg m’ at
nermal temperature, Uy i3 the wind speed in meter per second {ms h Cp is the po .=.E1 coefficient of
the wind twbine and A is the tip-speed 1atio, &by, is the rotor angular speed in rads™. R is turbine
radins in meter (m), H is turbine height in meter (m). Cp is power coefficient and o is pitch angle of
the. The maximum valve of Cp is 0.39 as per Betz law. For. VAWT. the pitch angle is nearly 0.
therefore at null pitch angle. the maximum power coefficient is 0.4412 [3]-[5]. The desizn of turbine
in simulink is given in fignre 1.

|_E:.-n-u|:u-:- VBl
ar

{1}
Turbing powar

Fiz. 1. Modelling of mubine

There are three kinds of PMSG namely Radial Flux, Axial Flux and Transverse Flux. Among them.
Axial Flux exerts high torque and power densitv values making it appropriate for low wind speed
applications. Thus Axial Fulx was taken in consideration. The simulation for the generator was made
nsing park transformation analysis taking dg reference coordinates (equation 5 and &) [3][6].
¥ 2

= 2
Ccos ﬂ'_f cos(f, ——)  cos(@, +—)
lIr' ra i a : 3
i oy . 2| . . r r |,
5 =[T._..r-a] S (5 [T.,.mk'g.{:']=j —?:I.lllf?y —-31.11{9_1.— —) ;m{ﬂ' (6)
a 2

fo £ 1 1 1

2 2 2

Here, fis treated either as current (I) or veoltage (V) or flux() and eq is the angular position of the
roter. Next, Swing equation defines the coupling element between the turbine and the generator
(equation 8 and 9). The d-q axis Voltages (Vaand Vy). electromagnetic torque and electrical rotating
speed are expressed as follows [3]-[8] (equation 10, 11, 12 and 13 respectively):

-c;‘ H — dw,

P =T -I =T, (2. T = " (9. V,o=—(r+pL)i —wLi + u'__li_“ (10).
V,=—(r+pL)i —wLi, (11). T, =15p((L,—L)id, +id)(12). wo=pw, (13)

Here, Tis mfch'amcal tnrque in Nm_ Weis the mEcha.mcal speed of the rotor, 8 is the angular position
of the roter in radian. Jis rotor moment inertia in ILEIII. and T, is the generator output electrical torque
inNm. Ld, Lg and Lid, Llg are the inductances and leakage inductances (H); ig. id and Ug, Ud are the
stator currents and voltages respectively with reference to d and g axis. J, is magnetic flux in Weba
(W), B is stator resistance in ohms(€3). We is electrical rotating speed (rad’s) of the generator and
Here, p is the oumber of peles. Figure 2 and 3 shows the design of PMSG in simulink. An AC-DC
rectifier was put at generator load terminal to get the DC power reading. Figure 4 refers to the
equivalent circuit for dq axis:
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Fiz. 2. Modelling (Generator Part I) Fig 4. Qand D axis equivalent
circuit respectively
After varying the parameters. the stator resistance of the PMSG was taken as 15 € the inductance
was taken as 0. 8mH; the flux linkage of magnet was 0.175 Wb and mass inertia was considered to be
0.089 kg m". It was observed that at an increase number of pole pair, the power generated was high
but considering a realistic model. number of pole pair was cheosen as 10.

Eesult and DMscussion

A Optimizafion of VAWT for low wind speed: After designing the turbine, simulation was performed
to get the mechanical torque and power from the turbine for different values of radivs and height
keeping one fixed at a time.

Fechanicsl Torgua Ve Fadha of the burbine: Machanical Tanue Vi Helght of tha turbine
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E = wind wpsad of dmin E 4 wind spead of Amia P’-
O H i wind mpsad of Sevn y g 4 —{— i nmesd oF Srrim '__‘_.a -
g wap|  Terbine Heighi= 2.5m & i g b Turkiee e e f_'pc 4
i 1 &= A 1
T o2s -~ & i
- . &
,E .a = o & E
E - .=
L} 15 o o o
i -~ & -
E E 5] & = [m] N
1 sl ..-""-.F g -_-_'.l:-__*___&..-—-& e
-] #’ = :5_ II IIS i 1’1 :: LX)
Halght of S turbine [
Fig 5: Torque generated for different radins Fig 6: Torque generated for different
values of VAWT heights of VAWT

To get the optimal turbine desizn parameters, 2 cases had been taken for consideration. The 1% one
was to vary the radivs keeping the height fixed and the 2™ one was the opposite of it. In both cases.
the mechanical torque was cbtained to get the best match (Figure 7 and 8). After taking consideration
of different values of turbine radins and height. it could be seen that at low speed. 0.5m-1.2m radins
could be suitable for producing higher power and proper torque. Yet again, to have a realistic system.
the radins of the turbine has been decided to fix at lm Following the same concept. the height
between 2m-2 8m were suitable enough to produce good power and torgue. Therefore, with respect to
the turbine radius. the height of it was fixed at 2.6m.

B. Optimization of PMS5G for TATWT: The stator resistance, inductance at dg frame, flux linkage.
mass inertia and pole pairs were varied and a set of realistic values were fixed to produce a good
amount of power. Fig. 7 and § show the load voltage and power for different swept areas for low
wind speed. Fig. 9 was zained by changing the mechanical torque keeping the generator parameter
fixed at optimal valoe.
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Fig. 12. Powes- Torgue curve

The simulation data were tested for a 1.5KW PMSG and were compared with a PMSG generator
setting-up at the laboratory. The stator resistance was fixed at 14 ohun and the pole pair was set to be
10 as per the laberatory generator specification. Fig. 12, 13 and 14 show theoretical and experimental
comparisons for a fixed wind speed of 6 m/s. Wind speed was taken as high valve in order to
wvestizgate the differences clearly. Referring to figure 10, 11 and 12, the experimental values are quite
identical with simulation indicating the accuracy of the simmlation design The simulaticn power
valoes for different RPM and mechanical torgue were higher than experimental values. It was due to
power loss for friction factor as it was neglected in the simmlation.
C. Further Work: For VAWT. number of blade could be varied up to 5 to analyse the effects of it.
Emphasis will be put to come up with a new equation related to the number of blades, power and
torgue. The next step will be implementing the magnetic levitation (Maglev) in Vertical Axis
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T

Wind Turbine (VAWT). Using verv powerful neodvmium magnets, the VAWT can be levitated
without the nse of bearing, which will reduce frictional losses and lower start up speed.

Conclusion:

e

To recapitulate. the paper presented an optimization of PMSG based VAWT for low wind speed
condition. The modelling and design were carried through in Matlab/Simulinz. It was concluded after
the furbine simmlation that a range of 0.8m-1.2m for radins and 2m-3m for height of the turbine were
adeguate to generate good amount of mechamical torgue. Next, the generator was put on test on the
simulation and with the above mentioned specification of the turbine; it had produoced suitable power
and veltage. It produced up to 1.8KW of power for a mechanical torgque of 165Nm. But with the same
confignration. the laboratory generator was able to produce around 1.5KW of power. The reason for
the difference conld be the change in fiiction facter and dg inductance in the simuwlink design. But at
low torgque. less than 100Nm. the difference in load power was very negligible which showed the
accuracy of the system. This optimal svstem can play a significant role for low level wind sitnation.
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Abstract: In this paper. the performances of all the three kinds of Axial type Multi-Pole Permanent
Magnet Synchronous Generators (PMSG) namely “Three-phase”, “Multi-phase” or ‘Five Phase™ and
‘Double Stator” fixed m Vertical Axis Wind Twbine (VAWT) were mmvestigated and compared in
order to get an optimal system. “MATLAB/Simulink” had been used to model and simulate the
wind torbine system together with all the three types Permanent Magnet Generators. It was
cbserved from the result that with the increasing number of pole in both low and high wind speed.
the five phase generator produced more power than the other two generators. In general. it was
cbserved that the responses of the Multi-phase generator at both high and low speed wind showed
promising aspect towards the system followed by Dual Stator. But with the change of the varables
such as wind velocity, furbine height, radins, area together with the generator pole pairs and stator
resistance, the optimum system should be chosen by considering the trade-off between different
configurations which were fimaly analyzed and described in this paper.

Introduction

Wind power 15 one of the promising sectors of renewable energy but it greatly depends on the
accessibility of the wind resource. As far as low wind condition applies. VAWT is the only choice
with the added advantage of catching wind from mmulti direction. On the other hand. lacking of DC
field. use of strong neodymium magnets, light in weight, smaller in size make PMSG 15 a perfect
match for VAWT [1][2]. It is possible to design the stator in such a way that it can generate
msignificant cogging torgue allowing the generator to have a low speed start up and generate high
current [2]. Radial Flux. Axial Flux and Transverse Flux are the three types of PMSG. Among
them, Axial Flux exerts high torque and power density values making it appropriate for low wind
spead applications[2][3]. In this paper. the performances of all the three kinds of axial “Permanent
Magnet Synchronous Generators (PMSG)” namely “Three-phase’, “Multi-phase’ and “Double
Stator” with high pele pairs fixed in Vertical Axis Wind Turbine (VAWT) were mvestigated and
compared in order to get an optimal system. Begarding PMSG, there 15 an obvious lack of research
m the sector of “Vertical Axis Wind Twbine”, in particular when all three Multi-phase, Dual stator
and Three-phase Permanent magnet Synchronous Generators are concerned. “Matlab/Simulink” had
been used to model and simulate the wind furbine system together with all the three types
Permanent Magnet Generators. The investigation had been made meostly for low wind speed
although adequate analysis had been cammed through for high wind speed as well.

Literature Review lertical Axiz Wind Turbine: The serodynamics of the furbine 1z given by the
equations (1)-(4) stated below [1][2][3]:

N . @ R . +_FB .
Pm=CPI:JLITp.4.Lf (13; '1'=L+Cr () .-!w=m—‘“ (3 A=2RH 4

. . . 3, . . . . - 3

Here, A 15 the turbine rotor cover area in meter square (m”), o 15 the air density that is 1.223kg/'m” at
.. } ; I+ . - = -

normal temperature, L7, is the wind speed in meter per second (ms™). Cp is the power coefficient of

Al rights reserved. Nio part of contents of this paper may be reproduced or ransmitted In any form or by any means without the writien permission of TTP,
www tip.net. (ID: 203.217.125.173-291 0714, 18:13:23)
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the wind turbine and A is the tip-speed ratio, e, is the rotor angular speed in rads™, R is turbine
radius in meter (m), A is turbine height in meter {m}. Cp is power coefficient and s is pitch angle of
the. The maximum value of Cp 15 0.39 as per Betz law [6-7]. For, VAWT, the pitch angle is nearly
(. therefore at null pitch angle. the maxmoum power coefficient 1s 0.4412 [2][3].

Permanent Magnet Synchronous Gengraror

Three Phase Permawnen: Magnet Synchroneus Gemerarcr: The amalysis of the three phase
permanent magmet synchronous generator was done using a guadrature dgq egquvalent cireut
reference frame. in which the g-axis 15 90° ahead of the d-axis with respect to the direction of
rotation. Voltage, cument and electromagnetic torque for a PMSG in the d-g axis synchronous
rotational frame are then expressed as following (equation 3-117 [2][3]:

Iy =—(r+pL Y, —wLi+w A, Ok I=—(r+pl )i —wli6)y L, =L +L &I =I +I.(7)

C i owIlioo G Ri wli o T
ay _ *ru?.r L. iy +‘[T'_-r.:5}; s $ Xemds (W L By
dt Ly L, L, dt -[.,, _Ev .-1[, iy

w_ = pw_(10): T, =13p((L, - L)ig, + ?'.,-'31-3' (11
Here, Ly Ly and Lig. Liy are the inductances and leakage mmductances (H} respectively; i, izand Uy
Lj are the stator cumrents and voltages; R, is the stator resistance in chms({¥); 4, 1s the magnetic
flux in Weber {Wh): I, is the electrical rotating speed (rad's); p 1s the mmber of poles and T,
mdicates the electromagmetic torgque. The figure 1.1 shows the equivalent cirenit for d and q axis.

=, . = . - By M P i - @

vk
" '

. i,
- by .
¥ ¥

Fig. 1.1: Q and D axis equivalent circuit respectively

Multi-phasze or § phase permanent magner generator: The multi-phase has more slots on its stator
to occupy more than 3 phase windings [4]. It i3 known to offer a more power density and better
efficiency. The mathematical model includes a multple-reference-frame. The transformation is
given in equation {12). The electromagnetic torgue of the generator is given by equation (13} where
Fris the number of poles [4][3].

. x 4rx, . 2 . 2
cos# cos(f ——) cos(# — —) cos(f + = ) cos( @ — )
. . Ix ix . ir, . ix
—siné —zin(# — —} —sin(f — —1 —sinif + —) —zinlé + —)
2 2 a 2
-
2 o, T ax 2 (12
-TE'E':I=? cos 38 :n:.‘{-ﬁ'—?,l cc}::nlﬁ'——_:} cos 3@ + —) smif +—1}
. - ix, . E 4 . 4 - K
—sin 3¢ —sin3E(E — 5 i —:mié‘lﬁ'—T} -sin38(F +—} -—sim3E(E + 5 y|
1 1 1 1 1
2 2 2 2 2
I T .
T.==FE (A +ai,) (13)

Double stator permanent magnet generator: As the name implies, it has two stators operating with
one rotor. It is much preferable to a single stator construction due to its high torgue rating [6]. The
dual stator configuration is to have two sets of three phase stator windings. All the physical
parameters of the two windings will be made the same for the analysis. Equations (24)-Equation
(21} are voltage equations to 1st and 2nd set of three phase winding respectively where nzdl, usd?.
usgl. usq?l. izd?. izd2. izql. isg? are the voltages and currents of two sets winding respectively, Rs
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iz the stator resistance, Lsd and Lsg are the inductance components in the d- and g- axis, ¥fis rotor
flux produced by permanent magnet and s 1s the rotor electrical angular speed [6].

_ i _ _ i e _ i ) .
Uy =—Fi, —lh.?‘?‘ +ar L f, (14)Y 1 =—Ri, —.Eh.ﬁ+a_;£‘rw, (130 0 =—Ril, —[u?‘?%aﬂ_*;w, (16);

R | e . dy ; : d .
U, =—Ri, —_”—;ﬂ--i-a;lwi'&., (17, =R, —Lq?'—%}n, P (180, =—_.,rm—lm—;‘-+a;_ﬂqaw!{19}:

i, iy
o a2 . o _ o e s s s wlemae
U __F'rfw: -L, & _'“ilxﬂm""“&”tr'a—c'«'- ST i [_.'P.'(Jql“a.q:}"":‘[m_lsq«{!ull?wL‘Hur:?wza'] (21)

Methodology:

The entire simulation was designed i terms of park transformation analysis. Park transform is a
vector representation of AC circwit (three phase} models in a dg reference coordinates which is
given {equation 22 and 23) below where fcan be current (I), voltage (V) or flux(d) [7].

K. x.,
,f:. £ [ cosé, E{':w“_T’I cos(f, +_1.
£y =7, 23 2 . . x . x| (23)
Ja|[=anl| 1o ’ [T,.0Q ) ]==—sing, —sin(f ——) —sini@ +—) (23)
£ f 3 ? 3 i 3
Jo Je I 1 1
3 7 7

Swings Egquaron: Swings equation porirays the physical features of a turbine and explains how a
commen drve shaft of the tnubine drives the gemerator rotor. It serves as the coupling element
between the turbine and the generator. The swing’s equation is provided i eguation (16) followed
by equation (17) [9]. Here  J 15 the total moment of mertia of the rotor mass l:gm:. T, 15 the
mechanical torque supplied by the turbine in Nm, T, is the electmical torgue output of the generator
m Wm. T is the mechanical speed of the rotor. £ is the angular peosition of the rotor in radian.
Methodelogy used in this paper 15 shown in a flowchart in figure 2.1 [7].

;48 p_r (29 And r = (25)
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Fig. 2.1 Methodology

Modeling and Design
Table 3.1 shows different parameters of the PM3G. The load on the generator was fixed at S00EW.
Fig. 3.1, 3.2 and 3.3 are simulink designs for 3-Phase, Multi-Phase and Dual-Stator PMSG. Here,

wind speed was varied as external input and furbine radius, height, area and generator pole number
were changed one by one keeping the others fizxed. Eotational speed, torgque and mechanical power
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from the furbine had been achisved, tabulated and graphically analvzed. On the other hand the
voltage and current drawn by the generator were also collected for further analvsis. The nmmber of
poles had been varied from 2 to 42 to observe the impact in all the three kinds of generators.

Table 3.1 Below shows different parameters of the PMSG

Parameter Value Three phase PMSG Mulfi phase PAISG Dual stator FMSG
Stator Resistance Bs 0435 Q 0435 Q@ 0435 Q
Stator Inductance 0180 H 0189 H 019 H
Flus linkage & 0.07 Wb 0.07 Wb 0.07 Wb
Mass Inertia 0.089 ke 0.089 kg 0,088 kgm®

For the 3 Phase PMSG. The mechanical torque from the wind turbine serves as an input to the
swing’ s equation subsystem (Fig. 3.1). The dy reference currents Id and Jg were structured base on
equations mentioned above earlier and the electrical rotating speed was used in those equations. The
theta from the swings equation was used for dg-abe transformation of the currents. The abe cumrent
was then fed to a load. The veltage across each phase of the load was acguired and then converted
to Td and Ty to be fed back into the Id and Iy formulation design inside a clesed loop operation.
Similarly for 3 Phase PMSG model the mechanical torgque from the wind furbine went to the
swing's equation subsystem. The abede currents were fed to a load that is sinated outside the mask
model. The voltage acress each phase of the load was acquired using voltage measurement blocks.
the value of which was then converted to dgd’g”? reference frames to be fed back into the currents
formulation design (Fig. 3.2). MNext. design of Dual Stator is idenfical to that of the 3 Phase. But m
this case. two stators share one rotor. The abedef current was fed to the load and the voltage across
each phase of the load was converted to I'd and Iy to be fed back into the Id and Iy formulation
design for each of the stator sets (Fig. 3.3).
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Fig 3.1: MATLAB simulimk block diagram for 3 phase PMSG
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Result and discussion

Setting the wind speed to 8m/s, the Fig. 4.1- 4.3 below show the amount of current produce where
as Fig. 4.4-4.6 provide the electromagnetic output power of it.

Fig. 4.1: Three phase Fig 4.2: Multi phase PMSG
PMSG current (Peak 3.3A)  curmrent (Peak 13A) at Sm's
at fm'z

Fig. 4.3: Dual stator PMSG
current (Peak TA) at Sm's
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Fig. 44: Three phase PM5G Fig 4.5: Multi phase PMSG Fig. 4.6: Dmal stator PMSG
output Power (Peak 1007} at output power (Peak 198W at cutput power (peal 158W)
Bm/'s Sm's atBm/s
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3 generators. Power for 3 Phase, 3 Phase and Dual
Stator PMSG

An optimal wind speed of § m's was considered for all three types of PMS5G. Affer nmning the
simulation, time offset versus current was plotted. It was observed from Fig. 4.1 4.2 and 4.3 that
current from 3 Phase PMSG reached the peak at 3.3 A where as multiphase showed 134 and dual
stator achieved 7 A, Next, ime offset versus electric output power at the generator end was plotied.
From Fig. 44, Fig. 45 Fig. 4.6, it could be seen that 3 Phase reached around 100 W where as
multiphase and dual stator achieved 200 W and 150 W respectively. Fig. 4.7 shows the output pick
power for all the three generators for different wind speed. Again it was ¢lear from the observation
that 3 Phase drew the most amount of power for both the speeds, followed by the dual stator.
Therefore even if wind speed 15 varied. keeping all other parameter’s constant, here too we can
Jump into similar conclusion that, multiphase performs the best.

Table 4.1 PMS5G Output Power comparison  Table 4.2 PMSG Output Power companison

at Different Wind Speed after changing the Wind Speed
Wind speed
PMEG = = FMSG Turbine power redoction
Types S HE ] = Types due to the change in wind
Turkizme Power (W) (reference-5 Phase) speed from
[Reference 5 Fhase Fmsg] B m's fo & m's
Dual stator | 17.06% reduction 1%  phase PM3G §36% reduction
EMSG reduction Drual stator PM5G 2 81% reducrion
3 phasa 48.42% reduction 46.85% 3 phase PMSG 7.62% reduction
PM5G reduction

By analyzing table 4.1, it could be clear that for 5 m's wind speed, turbine power of dual stator
PMSG reduces 17.96% compared to 5 phase PMSG; whereas for 3 phase PMSG. the turbine power
reduces 48 42%. Considenng wind speed of 8 m's. turbine power dropped down 21%: for dual stator
PMSG with respect to 5 Phase PMSG. 46.25% turbine power reduction was observed in the case of
3 Phase PMSG. Next. wind speed was fixed at § m's and turbine power was measured (table 4.2). Tt
was viewed that frbine power had reduced to 2.36 %o, 4.281% and 7.62% for 5 Phase, Dual Stator
and 3 Phase respectively. If higher number of peles were taken in consideration (Fig. 4.3, it could
be monitored that with the increase of pole number, 3 Phase PMSG responded the most with getting
high power values followed by Dual Stator and 3 Phase respectively. According to table 4.3, when
the number of poles was fixed at 24, turbine power reduced 17.78% from 5 Phase to dual stator for
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same configuration. For same number of poles, turbine power dropped down 45.71% for 3 Phase
PLISG with respect to 5 Phase. While using 2 pole generator, 17.14% raduction in turbine power

was noticed for dual stator as far as 5 Phase 1s concemed. Lastly, 3 phase PMSG s turbine power
reduced remarkably, 48.28%.

Table 4.3 PM5G Quiput Power companison for mininnm and maximum number of pole

Number of poles
FMEE Types 24 3
Turbine power (W) [Reference 5 phase PASC]
Dual stator PMSG 17.78% reduction 17.14% reduction
3 phase FMSG 45.71% reducrion 48.28% reduction

Conclusion

An optimal system for VAWT was created nusing MATLAB/ simulink based on 3 Phase PMSG,
Multphase PMSG and Dual Stator PMSG. Wind speed, furbine height and radins were weated as
primary mput. Parameters such as twrbine mechanical torque. generator pole number, stator
resistance. and inductance were varied. In both low and high wind conditions. it was concluded that
nmultiphase PMSG drew the highest amount of power for VAWT followed by Dual stator. 3 Phase
PLISG s power was lowest as expected. The research will play a significant role for choosing
optimal svstem for WV —:.-J.I under low wind speed. Impact of LhﬁuEe of blade and "1]31:-]".1!'12'
Magmetic I evitation to VAWT should be investizated for all three types of generators in future.
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Abstract: The paper presents a new Vertical Axis Wind Turbine (VAWT) desizn by using magnetic
levitation (Maglev) and Permanent Magnet Synchronous Generator (PMSG). A lab prototype of
VAWT was built which was nn at low wind speed of around 3 to 5 meter per second. The bearing
was replaced by Neodyminm Magnet to avoid the friction which in turns reduces the losses and
mcrease the efficiency. A Prototype version of PM5G was built which could generate veltage from
the turbine even in low rotational speed. Suitable turbine blade angle was also determined using trial
and error method.

Introduction
Magnetic Levitation (MAGLEV) Vertical Axis Wind Turbine (VAWT) is a new concept and is
assumed to be implemented in the next generation wind turbimes. It has a potential of generating
power at very low wind speed. The main purpose of this project is creating a prototype version of
Maglev-WVAWT working with permanent magnet synchronous generator (PMS5G). These wind
turbine system ability to operate in both high and low speed conditions [1][2]. This design is levitated
via maglev {magnetic levitation) verticallv on a rotor shaft unlike the design of traditional horizontal
axis wind turbine. This maglev technology, which will be serves as a useful replacement for ball
bearings used on the conventional wind tarbine reducing friction loss to almost as negligible to null.
This maglev levitation will be used between the rotating shaft of the turbine blades and the base of the
whole wind turbine system.
A. Liveranire Review
The asrodynamic power Pw of the turbine is given by the Equation 1[2].
1 5 w R . S .

E=CA)zpdU, (1) A= L+C” (2 A=2RH(3). T, =;" i)
Here, in Equation (1), pis the air density in (kg/'m®) at normal temperature, A is the area covered by
the wind turbine rotor in (m?). Uw is the wind speed in ims™). Cp 15 the power coefficient of the wind
turhine and 4 is the tip-speed ratio and 15 related to the rotor speed (any, n rads™) in as in Equation 2
[21[3]. In Equation (2} and (3}, E is torbine radins in {m). H is the turbine height in (m}. The power
coefficient Cp 13 given as a fimetion of e (pitch angle of the turbine) and A (the tip-speed ratic)
[21[3]. The value of Cp can only go as high as 0.39 according to the Betz law. The mechanical torque
1z related with mechanical power by Equation (4). For computation of the power coefficient,
maxinm power coefficient is at null pitch angle is 0.4412 [2][3][4]. Taking the value of T as
0.4412, air density as 1.223, the above mentionad equations are used to caleulate the swept area.
mechanical power from the turbine and mechanical torgue generated from it. Wind speed. radins and
the height of the furbines are varied in the simulation to get eptimal torque and poewer [3][6][7].

Al rights reserved. Mo part of comtenbs of this papsr may be reproduces or transmithed In any form or by any maans without the writlen parsission of TTP,
www.tiponet. (1D 203.217.129.173-28M 004, 18:02259)
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Methodology

Two standing fans were used to give wind speed to the wind furbine. While the wind tarbine was
spinming, the generator used to produce an AC ontput voltage which was measured by multimeter.
The set-up included a rotary encoder kit -”R_E'CIS#'L‘- followed by NI-USB 6212 Driver which was
connected to a laptop. The rotary encoder kit had a 3V power supply from NI-USB 6212 Dover while
NI-USB 6212 Dmver had power supply from laptop/computer. EEQSA 15 a rotary encoder kit which
can convert the data of rotary motion mto a series of electrical pulses which is read by controller.
When one specific end of the turbine detects one rotation of the turbine, the LED sensor will be turned
off and the signal will be sent to NI-DAQ driver which is nsed for data an:’p.uurmn (DAQ)L LAB View
Sigmal express 2011 program collects the signal from NI-DAQ driver and gives a digital input. The
EPM then be calculated from the interval of two complete rotations of the furbine. The system was
then experimentad with some other parameters. giving different speed of wind turbine for rotating
and different angle of blades. All the reading were taken down and recorded.

Modeling and Design

Fig. 4 shows the sequence for data collection procedure, the algerithm for the collaboration of DAQ
and Labview. Fig. 3.2 explais the overall working process of the laboratory set-up in-brief Angular
Speed of the turbine was measured from Equation (5} and (6); the data was taken from the Fotary
Encoder Kit sensor (Fig. 3.3) which passed the signal to DAQ (Fig. 5.4).

T o
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Fig 3.1 Flowchart for data collection procedurs
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B. Wind blade design- A variable Pirch angle: The concept of design for the wind blade is implied
with eight half-oval shape blades. All the blades direction could be changed to different angles. It
was observed carefully whether the change of pitch angel affects the output torque and power. The
design of the blade was suited to the small wind turbime. The following Fig. 3.5. 3.6 and 3.7 are
showing the blade chord length. radius. pitch angle control and positioning.

i
i ML

5

Figure 3.7 Blade angle
parameter control

Figure 3.5 Blade design Figure 3.6 Wind Turbine

C. Generaror Design- Three Phase Permanent Magner:

Synchronous Generator was used for the system. The magnetic poles were varied from 4 to 8 poles
and they were attached to a stainless steel casing. Figure 3.8. 3.9 and 3.10 show the amrangements of
the magnetic poles attached to the casing.

(Y]

N

Figure 3.8 Amangement of 4  Figure 3.9 Amangement of 8 Figure 3.10 Side view of the
poles of permanent magnet poles of permanent magnet generator

D. Neodymium Magnet: The Neodymium NX8CC-N42 Magnets from K&J were used for the
magnetic levitation. These magnets were Nickel plated to enhance and protect the magnet itself.
Two magnets having the same poles were faced to each other to create a repelling force, thus can
levitate the whole turbine without attaching it with the shaft which reduced the friction loss of the
system. Fig. 3.11 and 3.12 show the magnet placements in the shaft of VAWT.

1
Figure 3.11 : o
MAGLEV Figure 3.12 Maglev
mplementation

Figure 3.13 Generator Figure 3.14 Overall hardware

arrangements setup
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For the 8 pole generator, blade angle was first kept 0°. From a general perspective, we can say that, if
we keep the blade angle 0°, it will cut maximum wind, thus it will rotate at a higher speed and produce
larger voltage. On the other hand, when the blade angle is 90°, it will cut minimum wind and will
produce minimum veltage Referring Fig. 5.1, for 0°blade angle, produced voltage was TV at 38 rpm.
Cutput voltage dropped down to 6.3 V when the blade angle was changed to 13" keeping the turbine
speed same. Output voltage was around 5.3 V and 4.2 V for 30" and 45° blade angle respectively,
which clearly show the reduction m voltage with respect to increasing blade angle. Secondly, from
the graph mentioned above, if 32 rpm was considered as the turbine speed, it could be observed that
generated output voltage was 7.3 W for 0° blade angle. Then the voltage reduced to 6.6 V for 13° blade
angle. Voltage came down to 5.6V for 30° and 4.3 V for 45°blade angle. Output voltage followed the
sequence BV, 6.7V, 3.7V and 4 4 V when blade angle was changed sequentially 0°, 15°, 30 and 43°.
Here turbine speed was set to 60 rpm. And finally when the turbine was being rotated at 70 rpm speed
with the & pole permanent magnet confisuration. more than 8V was produced with 0° blade angle
orientation. Increasing the blade angle to 13° reduced the generated voltage to 7.1 V. 6.3 V was
generated for 30° blade angle, which dropped dewn to 4.6 V as soon as we increased the blade angle
to 43° For 8 pole permanent magnet generator. output voltage Is maximum when the blade angle iz
null for all turbine speed. Generated output voltage starts to raduce when we start to increase the blade
angle, keeping the turbine spead same. As we increase the blade angle, the output voltage reduces and
vice versa. MNext 2 pole pair permanent magnet generator was being experimented. Observations
supported the basic concept observed in the case of 4 pole pair generator. But here we get lower
output voltage compared to 4 pole pair generator for the similar conditions. When the turbine speed
was 38 rpm. output voltage was 5.2 V for 0° blade angle. Increasing the blade angle ta 15°, 30 and
45" reduces the output voltage to 3.1 V. 4.8 V and 4.2 V respectively. These values were higher for 4
pole pair generator at the same turbine speed. For all tarbime speeds null blade angle provided the
highest output voltage. As we mereased the blade angle, generated voltage started to reduce.

Conclusion

This paper shows the overall wind turbine svstem design; constructing the system to optimization and
future suggestion. Vertical Axis Wind Turbine was selected over Honzontal Axis Wind Turbine,
becanse wind generally flows horizontally which will give more wind speed to VAWT than HAWT.
Magnetic lavitation was used to minimize friction. The wind turbine was designed thoughtfully with
8 half-oval shaped (position changeable)} blades which wers made of plastics. Turbine shaft was made
of wood. Thin weight turbine was designed considenng the low wind speed. Two permanent magnet
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generators were designed. one is 2 pole pair another is 4 pole pair. When the VAWT was rotating in
the wind. the voltage generated by the voltage was measured by an AC multimeter. Another set of
hardware was also connected with the turbine. The purpose of it was to convert the tuwbine’s number
of rotatiens to angular velocity. In order to accomplish this goal. we required a rotary encoder kit
(REOZA) and a Data Acquisition devics (NI-USB 6212 Driver). The NI-USE 6212 Driver was
connected with a laptop PC from where it got its power supply, whereas. the rotary kit EE0SA was
connected with the DAQ device from where it would get its necessary 3 V power supply. The rotary
kit was not directly connected with the wind turbine, but when the turbine rotates, it would cut the
rotary device’s *:1':‘]13.] and thus the device wonld be able to measure the rotation. The DAQ device
acquired the data “and sent it to the computer. The computer showed it in presentable format using
LAB View Signalexpress 2011 program. Next. wind speed to the turbine was varied using two stand
fans. The wind turbine was desizned such a way that, blade angle was changeable manually. Thus
wind speed, blade angle and number of poles were changed one at a time, keeping the other two fixed
and the output voltage generated by the generator was recorded each time. By analyzing all the
recorded values, it was concluded that, greater turbine speed. smaller pitch angle. higher number of
poles and less friction force give maximum voltage for the generator.
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A NOVEL APPROACH TOWARDS INTRODUCING SUPERCAPACITOR
BASED BATTERY CHARGING CIRCUIT IN ENERGY HARVESTING FOR

AN OFF-GRID LOW VOLTAGE MAGLEV VERICAL AXIS WIND
TURBINE

MD Shahrukh A. K.*, Rajprasad K. R.™, Aravind CV™, Wong. Y.W.”™

Abstract: This paper gives performance analysis of a novel Supercap (Superacitor)
based energy harvesting battery charging device operated by a Maglev (Magnetic
Levitation) VAWT (Vertical Axis Wind Turbine). A 200W PMSG (Permanent Magnet
Synchronous Generator) was adopted into the system. A 9 bladed hybrid VAWT, with
a radius of 15.5cm and a height of 60cm, was driven at a fixed wind speed of 5m/s. The
rated power (W), voltage (V) and diameter (cm) of PMSG were 200, 12 and 16
respectively. Data Acquisition, NIUSB-6009, was used interfacing with Labview
software to collect the reading from sensors. 3 cases have been compared for
performance analysis. ‘Case A’ showed a battery of 6V, 3.2AH, being charged from
4.2V to 5V through a DC DC converter followed by a series of 4 Supercapacitors (2.7V,
35F). ‘Case B’ and ‘Case C’ demonstrated the direct charging of the battery; where
‘Case B’ was experimented with the converter and ‘Case C’ was without converter.
Taking ‘Case C’ as a reference, the result showed an increase of 21% of the charging
time while charging through Supercapacitor. Case A, Supercap based charging, was
also found to be 133% more efficient than direct battery charging with a converter. For
a low voltage small VAWT system, this novel energy harvesting circuit could bring a
significant improvement that can help off-grid areas where on-grid system is not
approachable.

Keywords: Supercapacitor, Energy Harvesting, Off-grid, Maglev VAWT, Low
Voltage.

1. INTRODUCTION

Wind energy is emerging in different number of locations expanding in Africa, Asia, and Latin
America [1]. Figure 1 gives an idea of total wind power capacity from 2004 to 2014 [2]. Wind
energy produces 370GW out of 657 GW from total renewable power at the end of 2014 which
is 56% of the total renewable power excluding hydro energy. In addition, total wind energy
capacity in the world has increased from 318 GW (end of 2013) to 370 GW (end of 2014) with
a boost of 16%. With the increase of wind global power capacity, plentiful researches in the
field of wind energy harvesting have been conducted frequently. However, many of the current
options have their own limitations such as require wider area to install, difficult to implement
in rural area, high costing, real time maintenance and so on. Moreover, for rural areas, there is
not ample opportunity to set-up grid turbine. This situation is also
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true for turbine with low voltage output [3] [4]. A need of an alternative way to harvest energy,
therefore, is required where it is easily accessible and available. This brings up the idea and
interest of harvest energy through Super Capacitor based hybrid system for low voltage output
turbines. Current environment demand to have small, autonomous and energy harvesting in

wind power for off rgriq low voltage system.
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Figure 1 — Wind Global Power Capacity from 2004 to 2014[2]

2005 2006 2007 2008 2009 2010 2011 2012

In order for wind turbines to harvest energy, there is still lack of research being done. Earlier
studies showed that Maglev VAWT adapted to a PMSG is a good choice for multi-directional,
low wind speed areas [5] and therefore were put into the system. Next, hybrid energy
harvesting circuit was brought into the experiment and efficiency was tested in compared
with standard system. The objective of this paper is to incorporate a novel design of a
Supercap based energy harvesting system that can provide power source from Maglev VAWT
for charging batteries for off-grid energy storage.

2. SYSTEM FLOWCHART

The entire system can be divided into four parts. The 1% part consists of the Maglev VAWT and
its Permanent Magnet generator. Second part deals with the energy harvesting circuit with
the combination of battery and supercap.

Maglev VAWT & PMSG

Energy Harvesting

Low Wind Speed
Low Start Up speed
Maglev replacing
bearing

High Speed DAQ with Lab
View

—  Current and Voltage

Transducer, Voltage
and Current Readings
in different RPM and

\\ind eneerde

—  Battery
+ Supercap Hybrid
Energy Storage

Automated Control
System

- Power Diode

— MOSFET switching
- Boost Converter
- LM 200 IC

—  Arduino Mega

Figure 2: Overall System Flowchart

The 3™ and 4™ parts basically act like a bridge between the first two parts. Figure 2 illustrates
the overall system flowchart.

3. METHODOLOGY

This design of VAWT uses magnetic levitation concept, making it gearless and lightweight
resulting in significant reduction in friction and start-up speed. The concept was taken from
previous work in the year of 2013, where a 1.5KW PMSG was adopted to a Maglev VAWT for
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performance analysis for low wind speed [5]. Having taken consideration of the multi-phase,
three phase and dual stator, as per the comparative analysis result from 2014 [6], 3 Phase
PMSG has been chosen to incorporate with the system [6]. Generated charges are to be stored
in a lead acid battery. The charges are not constant as it varies even with a little change of
wind [8]. Thus, The DC DC boost converter was applied after the Supercap. This concept was
used by Ottman and Hofman in 2002 [7]. It provides constant current supply to charge the
battery lengthening the life cycle of the battery [9] [10]. Since supercapacitors are able to hold
charges for a long time; hence, it will not deplete its charges comparing to normal capacitors
[11][12]. An efficiency comparison is shown between direct charging and through super
capacitor bank charging. ‘Arduiono Uno’ has been implemented to control the charging and
discharging circuit through mosfet switches. The pick Supercap charging voltage was fixed as
7.5V whereas the lowest discharging voltage was set as 4V.

Diode Mosfe@ Diode Mosfet 2

Battery =

DCDC ConverteQ

Figure 3: Schematic Diagram of the proposed system

Maglev VAWT
&
3 Phase PMSG

When the supercapis being charged by the generator, Mosfet 1 becomes close circuit and
Mosfet 2 becomes open. On the contrary, when supercapacitors discharge through battery,
Mosfet 2 becomes open and Mosfet 1 becomes close. DAQ was used interfacing with LabVIEW
based GUI for data acquisition for data collection. For testing the efficiency of the proposed
system, the battery, being charged from 4.2V to 5V through supercapacitor, has been
compared with the direct charging.

3 Phase Diode
Bridge Rectifier

nt
//
A

Arrangeme

 DAQ e
svnanew(a.zAm) ‘ %
— .

\ » " ~

RS

5 4

/ "~
Energy Harvesting Circuit® 5

with 4 supercap, 2 diodes, Power Supply for

converter

Figure 4: Experimental set-up
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4. EXPERIMENTAL SET-UP

A. Maglev VAWT adopted to PMSG

A 200W PMSG has been attached to a 9 bladed hybrid Maglev VAWT. The turbine is
constructed with a combine approach of the Darrieus and Savonius technology.

B. Energy Harvesting through Supercapacitor

Four supercapacitors, 2.7V each, have been combined in series to make a total of 10.8V. The
turbine is supposed to charge the supercap through a diode. A Mosfet is placed in between as
a switch to control charging and discharging time (Figure 5). A 6V battery is supposed to be
charged from the supercapacitor (Case A), direct charging via converter (Case B), and direct
charging without converter (Case C).

Figure 5: Arrangement of Supercapacitor, DC DC converter. Diodes and Mosfets

C. Power Electronics

Two Diodes have been placed in the circuit to prevent back flow of the voltage. One is placed
before the supercapacitor and another is after the DC-DC converter. The DC-DC converter has
been adjusted to produce an output voltage of 7.3V.

D. Data Acquisition (DAQ), Labview and Sensors

DC Voltage sensor is used to measure the voltage across the Supercapacitor and battery
whereas DC Current sensor is used for measuring current going into Supercapacitor while
charging and coming from the Supercapacitor while discharging. The DAQ, NIUSB-6009, is
interfaced with the lab view software. The sensors connected to the DAQ pass the readings to
the labview from where the data are collected.

E. System Parameter

The experiment has been run with the following system parameters.

Table 1: System Parameter

Wind Speed : 5mis
Height : 60cm
Radius . 145cm
Number of : 9

blade

Phase . 3-Phase
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" RatedPower : 200W
" RatedVoltage : 12V
~ Diameter : 16cm
Top  net : 12.5kg
weight
Energy
Harvesting
Battery Details : 6V,
3.2AH/20H
Supercap . 2.7V, 35F
details
Number of : 4

Supercap

Series Voltage : 10.8V

Pick Charging : 7.5V

Voltage

Lowest D4V

Discharge

Voltage

Battery : 4.2V-5V

Charging

range

Power DC DC : 7.3V

=leienes Converter

Output

Mosfet 1 . a.’Open’
when
supercap
charging
b.’close’
when
supercap
discharging

Mosfet 2 . Vice versa

5. RESULTS AND DISCUSSIONS

5.1.Case A: Energy Harvesting through Supercap

First, battery was charged through supercapacitor. Supercapacitors being charged by the
generator discharged to battery. One entire charging and discharging process was considered
as one cycle. For a wind speed of 5 m/s, 18 cycle was needed to charge the battery from 4.2V
to 5V. Each cycle was for 25mnts in which charging of supercap took 23 minutes on average
whereas discharging took only 2minutes.

Figure 6 and 7 show the charging and discharging voltage with respect to time. The increase
of the battery voltage per cycle is shown in figure 8. 18 cycles here indicate 7.5 hours of total
charging process of the battery.
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Figure 8: Battery Charging Voltage
though supercap for 18 cycle (7.5
hours)

5.2.Case B: Energy Harvesting without Supercap (with converter)

In this part, without the use of supercapacitors, turbine was fed to charge the battery through
the converter. According to figure 9, it took almost 17.5 hours to reach its maximum value of
4.8V. After that the increase of the voltage was so less with respect to time, the value was not
taken in consideration.

5.3. Case B: Energy Harvesting without Supercap (without converter)

Last section takes the converter out and connects the turbine directly with the battery. As it
can be observed from figure 10, this approach took less time (9.5 hours) than the second
approach (direct charging via converter). However, the generator output voltage fluctuates
and battery needs a steady constant voltage for charging up. Therefore this method is not
recommended and applying this method for a longer period will result damaging of the
battery. Still results were gathered for the sake of comparison.
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5.4. Efficiency Comparison

Figure 11 indicates the comparison between all the 3 cases. ‘Case C’ was taken as a reference
point while comparing. It was found out that charging through supercapacitors was 21% more
efficient that direct charging without converter. Supercap battery charging is also 133% more
efficient than direct charging with a converter. That makes case 2 being unworthy in low
wind speed situation.

6. FUTURE WORK AND CONCLUSION

There is vast scope to extend this work further and come out with potential results. This surely
can bring a revolutionary change in low voltage turbine off-grid system. As for example, wind
speed can be made lower while experimenting and data should be collected for low wind
speed areas. Also, converter and switching configurations should be varied in order to observe
the effect on the charging system. To recapitulate, for a low voltage turbine output system,
this kind of hybrid supercap based battery charging device could bring a radical change for off-
grid technology. With efficiency over 21% than the unconventional direct battery charging,
makes the proposed system worthy of consideration. The conventional energy harvesting
battery charging circuit through a DC DC converter just failed to catch up the charging speed.
To conclude, the supercap based emery harvesting hybrid circuit for battery charging has
shown remarkable results with our proposed Maglev PMSG based VAWT and thus more
research and further study should be conducted in order for its betterment.
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ABSTRACT

This papar applisd Weight to Powsr Ratio into two different Permanent Magnet Synchromons Gemerator based
Vertical Axis Wind Turbing: and found cut the relative cost-aficient medal. Both the modals ware developed in
Matlab Sirmlimk undar various parameters and were in low voltags range Bafore woding the cost-sifectve desizn
out of the tae Somulink model, the chossn desigs was Implemented and 2 prototype version of it was bailt in the lab
o makes sure the trbine prodoces snomgh torgque 2nd 2k n to the low voltags open circait region. Afer gefting
satisfactory reslt, the desigs was sext for fabricaticn. Upon arrival, the mrbize was wet-op in the labomatory and
was performed open circuit analysis and compartson was mads betusen the mannfctered dewign and the prototype.
It wms forend out at the high wind spesd rangs. @ror estimated was also high. FKeaon was foumd out and seggestion
was made to develop the mxodel ferthar.

Eaywends: Cost-afficiency;, Vertical Axis Wind Turbine, Watght to Powsr Batio, Parmanent Magnet Synchronoas
Generator, Low Veltage, Prototype

1. INTRODTUCTION

Fiacant revohitionary advances m technology are creating better fismre for coumimes with low wind spesds
like Mfalay=ia and alkso chaneme the fice o wind technolozy. The Srst known specific windoill Poewmatics,
was said to be found m the 15t century BC by Hero of Alexandria [1-2]. Time goes aven earlier to 500 B.C.
when People first used wind power to propel the boeats m MNie oppoesite to fver onrmeat [3-4]. Wind power
technology has been developing since then and each ara rings us closer to perfecion. Coming back 1o 219
CENTIrY, IIMETOE prajects regarding this sector have been Simded and msmy a researcher are geifing mterested
o develop the wind power technology to further extencion. The low speed kind, Vermical Axds Wind Tharbime
(VAWT) with its ability to function Som nmlti directional wind angle is getting populsr with low average
speed connimies lke MMalaysia [3]. Govemment as well a5 privats companies are coning forward o sponsor
these low speed mrbimes. In order to bring a project n the industry-eficiency, emimonment fendimess and
cost-efficiency are one of the most important fBciors to cover. Bui these has been a lack of finding @ cost-
effective technique that can compare the newly imvented cmreat mode] to the old ones. This paper finds 2
sobntion to this problem by applying a relative conparison and finding out the relative cost-aficient mode]
from the o prodocts. It took one comparaitve old modsl of Permanent Mapnet Syonchronous Generator
(PMSGE) based VAWT which was expermenied i 20013[4§)] and & was compared with another smmlated
mnial The comparatively cost-eficient modal was bult a5 3 prototype which was later sent for fbrication
after peiimg satisfciory open cirowit voliage result.
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1. COST EFFICIENCY COMPARSION-WFR

Thi= section discussed the oo system confisuration in brief and carme up with a low cost system which was
then sent fior Shncation. A simple but effective “Weizht to Power Fatio™ (WFE) technigue was used here.
“Weizht to Powsr Fatio™ &5 commnonly applied to powser sources in order to find out the relative cost
effective but yet eficient unit or desizn beins compared to & second unit or desisn It smmibtanecshy
represents efficiency and cost-effectivensss together and mdicates which design is better I fenms of
percentage [T][2]1: = importsnt to note that this mode] tells a relative cost efective scenario in terms of
“HgW or “m*s™. It iz 3 messurement of Telative cost-effective performance of amy ensine. motor, penerator
of pover soumce It is also used s 3 measurement of efficiency of 4 system 2 3 whole, in here. which is the
weight (m) ofthe entire system (FMSG adopted to VAWT) being dhvided by the PMSG rated outpuat power
(F. It is notewortlny to mention that m *“Wieight to Power Fatio”, “Weight™ i this combert mesms “Diass™
(o). Weigle is the colloquizsl tenm offen used mstead of mmss and smce then “Weight o Power Fato™ has
been conventionally used. [7-10]

2.1. FPhysical Interpretation

™
5 M

FFFR, — WFE, .
. e —————x 10
Efficiency, WFR,

After applying the cost effective techmique in the two confimurations achisved from the sivmilation the
better model i termes of low costing, was sent for fabmication. An esrlisr work m 2013 [8][11], = 1. 3EA 20
Pole BAMSG based magley 3-bladed VAWT was snahysed for low wind spesd The configuration of the
sysiem from previows work was comparad with the current moddal for relative cost-efficiency. The oumens
system was developed mmder Matlsh Smilation umder various wind parameters and described previoushy
m the same vear of 2016 [12]. Following are the confguration details.

Table 2.2 ilusirates the “Weight to Power Batio of the two desipn confizuraton If is clear that the
smaller design version is 20% cost efecimve relative o the frst design dwe to its small weisght scale Also,
thus 2000, 12% 0 bladed rated system mnch conpact comparng to the 1.5kW, 220V, 3 bladed torbme As
far == low wind and low torgque concern the voltzze and power owpat will also be very low as per the
smmilation data. Therefore it was decided to send ourrent confizmration for fabrication.

}. FROTOTYFE CONFIGURATION AND FIELD TESTING
Af_:hms\e Enmmmﬂy“mewerTerjnnlnngﬂEhpmlCnlm waichnsmﬁz-rdus@
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Table 1
Syztem Design Configurarion
FART Currens Spstem Frevious Sysiem
Hadght : &0 o 2 fim
Badins : 14.5m lm
Number of Blada : 2 3
Pitch Amglo : a H
Powsar Co-sfficiant : 04412 044
MG
Phase : F-Fhase 3-Phaw
Typa : Axial Flux Axiz] Flex
Fated Pouwr : W 130T
Fated Veltage : 12V 20%
Pola Pair : E 1]
Camenr : lfam 35.5an
Top met waight
12 Skg Tikg
Table I
Weizht iv Power Eario
Waight to Powsr Ratio 1, WPR, : 0.07 KEgW
Waight to Powsr Ratio 2, WPE, : 00625 EgW
Cont Efficiency, : s

provide a data sheet for the system but penerally data sheets were to be provided oaly affer fSbrication,
not before that Therefore, before orderng fom the Chinese Compamy, in order to be assured that the
desizn would work well m low wind speed, a lab profotype was buoilt sinnlar to the ourent desizn
confizuration The idess was to go for fabncarion omby if the lab protonype mdicated zood pattern of
resuli

31 VAWT & FMSCG Design and Set-up

The design of VAWT mchded eizht blades as aerofodl (1). The lenzth of the blade, that was also the heighs
of the norbme, was $0am, the serofol chord dismeter was §.50m and the radins of the trbine was 14 5om
matching the ourrent confimration which was beinz imvestizated The EAMSG uzed was taken from the fan
mirtor. The oaby difference between protonpe and onment simmldation mode] was the pole mmiber, Tnlike
the ourrens £ pole pairs, the prototype PRSG was made with 4 paole pair.

Figare 2 shows the boratory set-up where the prototype was expermented with exgerms] fins and
open ciroait voliage was measumed by 2 nmiltimeter.

32 Prototype Field Testing

Fizure 3 focuses the generator open ciowl volizge at mall pitch snele. Forthermore, af the lowest wimd
speed of 4m's, the gensrator was still sble to produce sn open civomt woltage of TV (feore 3). It was not
possible fo neke 3 16 pole confimuration for the prototype but even with & pole confisurstion it showed
gond result orvarall. Thersfore, it was decided that the protonypse systam msds was good ensough to produce
low voltzge at lower wind speeds.
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Figare 2: Proltype Set-up
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Figure 3: Prowoype 3-phase § Pole PMSG Open Circuit Voltsge for various wind speeds
4. FABRICATION AND FIELD RESULT

The desizn was then sent Sor fabrication and wpon armival it was set-up m the Isb and tested for open ciraut
voltage Fizure 4 shows the fabricated PMSG based VAWT with the cost-efective optanal desisn parameters.

The system was testad at the Research Bullding of the Ensmeering faculty of University of Nottingham

Malaysia Campus. The open circust voltage found was recorded and compared with the prototype desizn.
The wind speeds were vanad in the same range as the prototype and the fndings are shown m fizure 5. It
was found that the developed design performed significantly better, particularly at hizh wind speed. Atlow
wind such as 4m's, the open crowt voltage different was only 0.5V and estimatad error was only 7.7%. But

234




Cost Effeciive Design Fadrication of a Low Voitage Vertical Axis Wind Turbine 2631

it can be observed that with the mcrease amount of wind speed, error started to mcrease as well At maxdimum
wind speed of Tmy's, 26% error was estimatad. After analysis, 1t was clear that the difference was due to the
pole parr mumber. The nuemufactured model basically had 8 pole pairs whereas the prototype built only had
4. Therefore, the factory made dasizn showed better perfonmance at hizh wmnd speed.

Figure 4: VAWT upon arvival
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Figure 5: Open Cleceit Voluage Comparisen and Erme Estissation
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5 COMCLUSION

Ti» recapifulate, the paper contribuged a new approach towards meaamme relatve cost-efficency of differens
wind power models. One earber model of 1.5F PRLSG based 3-bladed VAWT was taken for evaliation
and it was conmpared with another mnde] of 200W PRSGE based hybrid WVAWT. Both mode] was tested and
developed i Matlab Simalink After cormparison by applying Weishs to Power Batio, the newes and smallsr
version of VAWT was found fo be cost-effectnve. Afterwards, a lsboratory prototype of the developed
smsller version of VAWT was bult to test the open ciomf performance i order to confimm low voltaze
perfonmance. Having acconmplished satisfactory perfonmance, the model was sent for Sbrication and upon
arrival tested fior ermor caloulation. Lastly, anshysis was dooe and it was found ot the prototype voltage
peronmance emoT was significantly hish at hicher wind spesd. It was fumd ouwt dne to the Inmtation of
muatching the hizh munber of pole, the prototype was budls with & poles oaly wheneas the proposed system
consisted of 16 Due to the msufficient amount of pole muonber, the protonpe was mable to produce
enough voltage compared to the mammfscnmed mede] and therelry cansing the estimated emor to be ligh In
short, method nsed m this paper coald be wseful to forther research medal and could give us a relative idea
m cost-aficiency.
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Comprehensive Review on the
Wind Energy Technology

Shahrukh Adnan K., Eajprasad KRS, Aravind C.V, Wong YW,
Selima Shahnaz Geo.” and Low Jay See®

ABSTEACT

This paperprasents & comprahensive review on the wind energy technology in the past tao decades. If presents
some of the most important literatresof wind energy technology in the way it is usad for energy harvesting. The
emphasis is placed oo reviewing Literature in wind power history and wind turbine types which have been developed
zradually over time The beginning of wind technology followed by a steady yet progressive expansion of wind
indusiry is given i the chronological order

Eeywords: Wind Power History, Vertical Awxis Wind Turbine Classificadon Turbine Generator.

1. INTEODUCTION

Wmd energy 15 one of the oldest ways for energy sohiions through mechanical means of control. The
highly vmrehiable wmd speed and the deep fluctuations n the comversion mechamsme push a biggest challenge
m the epergy comversion. Also the dynanse nathwe of production of epergy rather hke the stabc way of
eneTgy conversion m solar epergy makes wind to be second next source than the solar techmology: The
choice of new types of power control strategy the development of electromechameal devices read the
mterest on this teclnology m the past decade. In order the look imto the road map of the wind energy
technology start from the mitial days to the state of art today makes an interesting journey. The mam idea of
this paper 15 to get the overview of the gradual development towards wmd power technology that has
happened over years. At the same times, all the work that have been carmied through in recent vears along
with the ancient tome have been reviewed m brief in 4 sequential mamer. This paper gives a clear idea on
the prehmmary stage of wmd energy followed by its gradual progress and perfection together with the
latest mmovation and research work camed by the scientists and engmeers.

L.1. Before 15* Century

Coming to the 1% use of wind power, lustory goes back to 300 B.C. People used wind power to propel
the boats in MNile opposite to river current [1]. The first known specific windmill, Pnenmatics, was
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ilhastrated in the 15t century BC by Hero of Alexandria [2]. The purpose of creating 1t was to grind the
com. Although a fisure (Figure 1) of the mvention can be found, the existence of it has not well been
established.

Vertical axis windmills were found in China m 13* century where as it was found long back i Persia
around 900 AD. Along with the sailng concept, idea of wind turbme got developed gradually with the need
of pumpmg water for imigation; for example the ancient imigation system of the iland of Crete. This
windmill (Figure 2) was used to rotate around its vertical axis. Nowadays, such a configuration is Inown as
Savomus rotor. [3-4].

In Ewropean countries, the windmills first started to appear m the 12% centiry [3]. Although the
design was changed the primary purpose was still the same-grindmg corn and pumpmg water. The
turbines were used to be mounted on a house facing along with the wind drection. Those windmills
were honzental m nature. Starting from the year of 1700, the wmdnulls formd m Evrope were improvised
and developed with twisting blades (Figure 3) whereas a different confisuration was developed n the
United States (Figure 4). It was a multi-bladed windmuill mostly recognized as fam nmlls [5]. It was given
a mckname as ‘Pumping Jack™ as it was used mamby for punping water. Chver 6§ million fan mills were
bult in the TS before the starting of 19* cenfury. Before the industrial revolution, windmills were one of
the nmjor energy sources [7].

Figure 1: Poemmatics Windmll by Hera of Alerandria Figare 1: Perdan VAWT (00AIN
1= Century BC)

Fizure 3: Dutch TWindomill Figore 4: American Pomping Jack
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2. TROM THE YEAR BETWEEXN 1500 TO 1900

In need of punping water, followed by electneity, modem wind power technology was first explored. From
1250 omwards, windmills were being developed in large areas with a view to pungping waters [3]. The early
farm windnmlls were made by woods which were extimet gradually except in the mmseum [3]. Figure 5 gave
us an 1dea of these ancient listenical wmdmlls. The turbme picture was taken m Texas at J.B. Buchanan's
firm In 18805, m order to develop mednim sized wind plant with a view to achieving punpmg and electricity
demand on dary mdusiries, a Foyal Commussion was set up in Denmark. Later a company namely
“Iykkegaard Comparry™ tunughithcnmknﬂufumimthmmﬂnn:ﬂrketmmmrmalhm Those
machines came with four blades. Later on, n the begiming of 20% century, nmdreds of machines were
mamifactured [7].

In the year of 1388, a windmll was bult fo produce eleciricity by a person naned Brush. That was the
1* automatic wind turbine that nsed to produce electrictty [2]. It was constructed with a wooden rotor
having a diameter of 17cm which was comnected to DC generator via a gear box (step up) having a ratio of
50:1. In a strong wind situation, 1t used to produce 1 2kW. The problems of it were the giant size and the low
rotational speed which was mefficient. It was operated nearly for 20 years [B]. In that fime another wind
turbme was built around m 1891 though it was experimental It was bult by PoullaCour in Demmark
which was dnving a dynamo [9]. He conducted vast research on this field m 1390 and be made the baselme
confizuration of teday’s modem Honzontal Axis Wind Twrbme [10].

From the year 1900 omwards, all of the wndnmlls had nmilfi blade system having an average of 3-5 mm
diameter [7]. The prme time of farm windoulls was the year between 19305 and 1940s in were they
reached s pick [7]. In that pened of tme, no more wood was used rather than metal with nmlti-bladed
vanes [7]. Around 6 million farms were In operation on that time to punop water for residential use together
with water for ivestock. Different countries such as Anstralia, Affiea. Canada, United States. and Argentma
were makmg use of them [7]. But due to in demmand of less expensive machine, those farms started to
exploit replaced by modem desizn wind hirbimes. In the begmnms of the 20* cenfury, a new idea came up
m different countries. It was called Wmnd Chargers (Figure 6) [11]. It was quite popular m Umnited States.
Because of the high expense of ransmmssion Ime and the mge distance fo cover from solated location to
generating plant, some companies started constructing stand-alone wind system having a rotor of propeller
type consisting of maxinmm 3blades. The gematedeladnmhrm stm‘edmhatten Those battenies, called
wet-cell were made off with lead-acid and it used to require great mamtenance care for longevity [8-11].
These machines differ a lot from the earlier windmulls. Those windmills used to have mmltiple large mumber

—— e,

Figure &: Historical farm windmills at Fizure 6: Wind Charger (100 W, DL, with flap air brales).
J. B. Buchanan farm Location: Spearman Teras Lacation: USDA-AFRS wind test station, Bushland Texas
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ofblades nsed to punp water of low volume In capable of generating electricity because of slow rotational
spead due to large mummber of blades, these wmnd chargers grew populanty but became cutdated m 1940z
and 19505 smee elecmcity was made available m very cheap rate m United States from moral electne
cooperatives [3]. Startme from this time, wmd turbmes were thought of bemg wsed n utility. Therefore
different types of designs and structure were brought into the market.

Focusing on different points of angles on how to deal with the wind energy, several shapes of blades
were mmovated with two kinds of turbine: one 1s honzontal axas wind turbme (axas of the rotor 15 honzontal)
and another 5 vertical axis wind turbme (aas of the rotor 5 vertical) [3]. Though the concepts and partial
mplementation of both ofthem were brought up before, combined studies with advantages and disadvantages
had been started. In 1926, a horizontal axis wind turbine having four blades was constructed by Flettner It
provided 30KW of rated power with a wind speed of 10 m's. Meamwhile a guy named Madras came wup
with an idea of mountmg vertical rotatmg cylinders on ratroad cars. He proposed the Magms Effect to
drve the cylinder travellmg around a circular frack. The generator on the other hand was planned to be
constructed on the axels of the car. The proposal tumed inte a prototype m 1933 bt due to the meonchismve
result, the idea was abandoned [3]. In the year of 1927, G Damrieus built a rotor. His machme blades were
similar to umpmg rope. In 1931, he proposed a design using bift to produce torgque around a vertical axis
[11]. Darmens patented the design of his rotor and 1t was known as Troposkien.

Meamwhile, Savonins discovered a rotor of 5-shaped in Finland. It was built with two half of a cylnder
and the distance between them was smaller than the diameter. This basically became the starting pomt of
WVAWT:s [10-11]. Both of the machmes of Savonius and Darmens were designed with straight vertical blades
and those two are called the main two types of medem vertical axis wind turbme [3]. Between 1940 and
1950, the two major achievements were made m terms of wind power history. The first revolution was the
design of 3 blades wmd turbme structure and the second was to mitoduce AC generator replacing DIC [8].
The other one took place after the ccourrence of revolrtion in USSE. (Union of Soviet Socialist Eepublics),
m Cnmea successfil construction of 100EKW wmd machme prototype had been taken place between 1933
and 1953 It played mportance for developing ndustrialization and agriculiure. It was mter-connected m
parallel with a conventional station. For the next 13 vears fimther research had been carmed through and
around 30 prototypes with sucoessfinl senes production were achieved with a rated power of 30EW [7].
Meamwhile m USA, from 1932 to 1945, design and operation had been being taken place and finally at
Vermont, engineers came up with the largest machme available that tome. It had a diameter of 53m and the
rated power was 12500, It gave a moderate performance for a brief period of time In a routmg generation
station [7]. The research and scope did not go further because of the World War TL

J. BETWEEN 1950 TO 1999

After the 7 world war, the mam research and analysis was focused m Europe. Accordmg to the DIWA
which 15 Damish Wind Industry Association, the first modem wind furbme was ult by engmeer Johannes
Juul m Denmark m 1936, It came with electromechameal vawing system. It was a three blades upwind
turbme that used to have an asynchronous generator[3]. It had a rated power of 200EW and was called as
“(redser Wmd Turbine™ [6]. Built with a concept of horizontal axis, it was comnected to a there phase AC
power grid. Lockmg at the case istory m United Emedom. a national wind power committes was brought
up I 1948 and contimmed fill 1958, The conmuttes worked with “Electncal Pesearch Association™ of
United Emgdom The nmm supervisor of the project was Lake E.W. A vast research regarding sites, unldmg
prototypes and wind survey had been camed through. One prototype had been mstalled at CostaHill by the
supervision of Jolm Brown Company m 1935 having a dianeter of 13m and having a rated power of
100K witha wind speed of 16m's. It was comected with a power grd which mamly ran i diesel It was
established in a remote side of Northem having high wind that blocked the development of mechamical
features of it and ended up failing to be proven as reliable and ended up failne to be proven as reliable. The
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Fizure 7 {a): Darriens concept Fizure 7 {b): FloWind torbine AT Tehachapi Fass

other one was located at St. Albans uilt by Endield which was a low speed site. It was designed by Frencliman
Adreau It had a rated power of 100KW with a wind speed of 13m's. The hollow blades and the rotation
iwhile the blades were rotatmg, the ar flowed through ar turbine) made the turbme wmgque n nature [3].
Under Bntish Electricity Authonty (BEA), 1t faled to get permussion for firther mmovation and was sent fo
Algenia where 1t was mplenented successfully by a local company. However the system tumed out fo be
mefficient and did not go firther [7].

In this penod of ime, m 1970s, there was a great concern regardmg the decrease of fossil firel and
limited resources which led to many researchers and surveys. The cnsis of oil in the year between 1973
and 1979 also was added into the flow. As a result several wind power teclmologies were inmvented amd
the power capacity mereased to 100EW and furthermore from 1920s, trbines with MW power was
started to be designed [8]. It was also the time when European Countries first had the idea to put wind
furbine mto the see [6]. In that period of time, aroumd m 1980, Danish mdustry came up with “Fisager
Wind Turbme™. Having almost the same concept as the Gester Wmd Turbme., tlus one was bult by used
car parts which were very cheap and reasonable m price. It became very popular in numerous private
households [12].

Commg back to VAWT agam m 1980s, Sandia National Laboratory (SINL) started a vast research with
a 17 m high Darmiens’s turbme [13]. FloWmd purchased the design and mplemented mumerous amoumt of
it m the United States (Figure7) and became the most successfill VAWT mamufacturer [2] [14]. Next, Dr.
Peter Musgrove propoesed H-type VAWT with straight blades which was known as H-type rotor. lMe Domnell
took Ius concept and balt a 40 kW H-rotor (Figure 8.1) [14]. Smee, Dameus patented hus design, MC
Domnell had to chanse the shape of the rotor and therefore he took the H-fype motor concept o buld a
different shape of VAWT.

Fascmatmgly m this pened of time, VAWT concept began to spread m Ewrope. In Denmark, Fiso
mvented ther own H-rotor havins a capacity of 13KW (Figure 2.2) [14]. In Canada, Eole had a 3.5 MW
WVAWT operated from 1987 to 1993. They had to shut it down as it was too costly m terms of bearmgs and
mainfenance [15]. Ecle’s was the biggest VAWT built m that penod oftime and also the last VAWT milestone
of the early generation. After that. the research and study of VAWT stopped for a while but the development
of HAWTs contmued.

From the begmnmg of 1990z, wind energy has gamed acknowledgement of one of the vital renewable
sources. In the year of 1993, asynclronous generator m wind hrbmes was being started slowly changime to
synchronous generator [16]. In the mid of 1990s, wind turbine was being started to build n offhore because
of the strong wind m the high sea [17]. Although the techmical difficulty and mstallation cost are lngher m
offthore, other conditions and cases stay m the favour of it conparmg to onshore wind power energy.
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Figure 8 (2): MC Donnell’s 40KW Desizn

Figure 8 (b): Riso’s 15KW Desizn
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Firstly, wind speed 15 almost 23% greater than of onshore. Secondly, frame of tower is lower comparme to
onshore; therefore it can face greater speed. Moreover the roughness is also less m sea level [6].

Although some Exvropean covmiries tnied to develop a thought of spreadng wind energy at sea level at
19705, not much of progression took place that tmne except for couple of prototypes bemg tested [6]. The
first coumtry to buld offthore wind turbine suecessfully m the middle of the sea was Dennmark m the year
of 1991. From 1991 to 1997, Demnmark, Netherland and Sweden performed couple of prototype based wind
turbme operations in deep sea [6]. Fequirng less land area, less noise polhrtion, no greenhouse gas emission
with an addition of great emvironmental protection, the offshore wind energy were getting popular among
the European countnies By the end of 208 cenfury, around 50 countries were numnine wind turbines generating
approxmnately 17500 MW of electncity. More than 70% of this electricity was generated by the European
countries. In 1999, Germary, Spaman:lDammk being the leading countries produced an overall power of
7675MW which was almost 80% of the entire production of wind enersy in Europe [18].

4. CONCLUSION: 2ICENTURY AND PRESENT SITUATION

Although there are a lot of activities gome on towards the offshore wind energy, the development process
was still very slow. But from the beginming of 21" century, the offthore deep blue wind technology has
gamed new inspiration. From the starting of 21* century, within 6 vears of tome, 21 offshore plants had been
bl m different countries mmely Demmark, Sweden, Ireland, Germany and Netherlands [19]. By the end
of 2006, mstalled capacity of offshore project m the entire world reached 7982 MW [19]. Around tme
there were couple of famous projects wlich have to be mentioned-East Chma Bridge in Shanehai generating
electricity of around 1000MW, Shanghai Fengxian™anhn Offshore Wind Power and Cra Wind Power at
sea I Fhefiang. European countries, Amenca and other countries such as China also have been progressmg
firmby. Chma had constructed 39 wind farms by 2003 melnding 1883 turbime generator. They produced
1268 MW of Power m 20035 nakng sure to be one of the top 10 global wind energy producers [20]. The
Northemn side of the world has good wind energy but still development of wind power has not yet been
observed that mmich due to couple of major problems until 2011. Among them icing on the turbme blade is
the mam chstacle. In average 20% power loss cccurred anmally due to this problem To overcome it, not
mmich of steps were taken In 2011, Muhammad 5. Vik, Matthew C. Homola, Per J. Micklasson from
Narvik University College carmied out a mumenical study on a horizontal axis wind turbine (3MW) about
the atmospheric ice accretion. The result was achieved using Computational Fhud Dhyvnamics. For both of
the conditions of mme and glaze ice, five different sections m the blades were taken mfo consideration for
mumerical anabysis. Moreover, several atmosphenc tenperatures were used to similate the rate and shape
of accreted ice. The result indicated that both the blade size and relative section velocity of the blade
affected ice growth Near the root section the icing was less. In the blade section from centre to top,
significant change m fcng was noticed with the vanation in atmoespheric tenperature. Furthermore, the
result also proved that the icing could be nanaged by optimizmg the geometric design parameters [21]. In
recent vears, Micro-Wmnd Enersy has made a lot of immpact due to its low speed operation along with low
power appllcam:um resulting cost reduction and smplicity. For example, Massmmliano, Marcello and
Gianpaolo from Ttaly desimmed a smple, effective and low cost Micro-Wnd Energy Conversion System m
2011 that gathered several attentions. It used a Permanent Magnet Synchronous Generator, boost converted,
and Voltage Onented Controller were used. The system performed a reliable operation at the maxmmmm
power. It also showed a promising quick response with varnable wind speeds. It had low losses and abmost
zero reactive power exchangsd with the power grid.

In companson with a conventional wind furbine of same maxmmm power range and with the same
average wind speed. 1t could generate twice the energy produced by the generator [22]. With view of the
facts stated above, it could easily be predicted that the renewable energy ke wmd power is taling over the
fossil fuel gradually and we are looking towards the world where green energy donumate on large scale.
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This paper provided the history of wind power m brief startimg from the ancient timethat ends with modem
era. At present, mmerous projects on wind trbine are bemg mplemented each day. This paper would
certamly be a great sowrce of information for those projects for firther development
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Abstract- This paper provides a pladiorm for a novel ionovative approach towsrds an off-zrid Supercapacitor bassd batery
charging and hybrid enerpy harvesting systern for low wind speed Vertical Axds Wind Turbine (WAWT). A 3-Phaze Permunsnt
Mlagnet Synchronous Gensrator (FASGE) was chosen for its low maintensnce cost, hght weight and less conmplicated design
Simmilation studies was carried out to obtain an optimized design and 2 200W 12W 16 Pole PASG attached to a2 VAWT of 14.5m
rading and $lom of heisht was sent for Sbrication with Maglev froplementation (MMagpnetic Levitation). Upon armival, the
optnnred system is implemented into the energy harvesting cirout and Seld testng is camied to observe the performance. Under
wind speed range of 3-5m's, the enerpy harvesting ciroait showed better efficency in charging battery in all sspects comparing
o direct charging of battery regardless of with or withow comverter. Based on analysis snd resulis cammied ot in this paper, all
femsibiliny sudies snd nformation were successfully provided for fionre work.

Keywords: Energy Harvesting, Supercapacitor; Battery Charging. Low Wind; Vertical Axiz Wind Turbine.

1. Infroduction

A turning coacern of the 21* century is that conventional
enerEy sources are depleting. Thms, it has become & necessity
to find altemative power penemfing sowEces. Having
considered the speedy development of elecmonic devices, the
need for power has pever been preater Each day, people
spend more time on eleciromics b are ofien found fo be in
difficult sifustions with limited battery charge Wind power
can be an alternate renewable eneTgy source to this problem
Wind energy resesrch in Malsysia is sall in the early stage snd

not many researches have been condncied on off-grid wind
energy hamvesting device for low wind speed [1] [2]. Althoush
crude ol and nanmal zZas are the leading energy sources im
Malayziz smdies esfimate that fossil foels will only be
supplying energy to mankind 6l 2088 [1][3]. As a main part
of renswable enerpy, wind powsr 13 emerging as 4 sTong
alternative source to fossil fusls [4] By utlizing the wind
energy, counTies like Malaysia demand to have 3 standslone
system 10 charge up their small scale elecoomic devices i a
ETESnET WHY.
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The averages wind speed of MMalaysia is less than Sm's
and more commonly in the range of 2-3m's, which is not
favorable to Honzootal Axiz Thorbine [5-48] Therefore,
Vertical Az Wind Tarbine (VAWT), capable of working at
mmltidirectional low wind speed [6], could be wused In
addition. use of powerful neodyrimm mafmets instead of DC
field lLght weight snd smsller size make the Permanent
Magmet Synchromons Generator (FASGE) a good maich for
VAWT [7]. Inplementing wind power and connecting it to
grid system is mot possible for most of the mmal arezs in
Dialayzia Therefore these places require an off-grid energy
barvesting torbine being sble to work i low wind But thers
has been a lack of research m the Seld of small scale low
woltage wind nobine when it comes to low wind of-gnd
standslone system. Previous work i the field of PMSG
adopted Maglew VAWT" and “energy harvesting” was mostly
carmied out on separate field For example in 2008, Lei created
a power electromic imterface for 3 Bamery Supercapacitor
Hybnd Enerpy Storage System which was of MW power
ranze and meant for grid connection [£]. Tankar and Camara,
in 3011, inteprated ultracapacitor and bateries with wind-PV
bybrid system bt the PMSG used was of 4.5E0W [8]. Abbey
and Joos proposed Supercapacitor Enerpy Storage for Wind
Epergy Applications. Again they nsed a 1MW doubly fed
mduciion penerator for sinmlstion and the system was bkt for
gnid comnection [10]. Similar work was also done by Lo QU
and W. Criac [11].

This paper fills up the gap in resesrch providing sn off-
gnid standalone energy harvesting cirouit (EHC) incorporated
with 3-Phase PM3G adopted to Maglev VAWT that can
perform in low wind speeds Thic research works with an off-
grd VAWT which makes the system easier to implement in
rural places and aress where grid system has oot yet been
available. Having compered with previons models, in which
Tankan used a 4.5EW PAMSG [9], Abbey as well as L. QU
used a IMW induction generator [10-11]; this VAWT adopis a
2000 zmall scale PMSG making it &5 a poriable standalone
sysiem Also areas with low wind does not require & system
that includes 3 generator of Maga Watt range. Conting back to
the enerzy harvesting cronit, this investgation discovers a

novel hybrid cirowit with a combinston of 2 batery amd
suparcapacitor bank Hybrd energy harvesing technology is
not new. In 2010, Worthingion propoesed 3 movel ciroot that
which was comnected to a load capacitor directly to harvest
eneTgy [12]). This allowed the capacitor to act a5 a reservoir
that would be disconmected when folly charged snd then
would discharze to a lead The drouit was conmected with a
charge pump tire cipouit [12]. Experiment results showed that
thizs ides was capable of harvesting three times more amuoumt
of eperzy compared fo the wsusl bridee recufier cinomt
However, this idea has not yet been implemented into off-grid
wind energy sector. Although Lee [8] inplemented a hybmd
eneTEy hamesting storage in 2008 for wind power application,
it was mesnt for grid connection and agam was of high power
range. Hence, it was imposaible for the energy storage system
o be implemented for off-grid system. Owur smdy brings the
suparcapacitor based hybmd energy harvesting for first dme
into the off-grid low wind power application. A supercapacitor
bapk is used in our experiment that charges wp from the
nubine and discharges throuzgh the battery with the nse of
power elecoonics. As fr a5 low wind speed is concerned a
GV battery 1= used for enerpy harvesting A full phaese
conmplete  system  anslysis  was moede,  stering  from
optimization of the design followed by desipn fabrication
field testing and lastly efficiency analysis.

2. Methodology

At first, sinmilation was camied ot for small scale low
speed VAWT with the adaptation of 3-Phaze PMSG into the
system. The optintized system design confSizurarion, supported
by the Matlab Simmlink modelling, was then was sent for
fabricaion. In the mesntime Enerpy Hamvesting Ciromt
(EHC) was configored snd upon smival of the torbine, EHC
was Inplemented into VAWT. The coofrol stratezies wese
made by the use of power MOSFET switching and sysiem was
brougzht into the fisld for testime While the system was
opersfional dats were collacted from the Labview interface
through DAQ and result was amalyzed to find oo the
efficiency of the system Fimme 2.1 chows the data process
flow of the system.

Design and Simuiati -
e Based Magies b 4. 8 EHC Design Wind Turbine and EHC Integration
“Marhematical Modelling Compismeidi *Experimental Set-up
+Simulation in g [ ap & Battery =Control System

Matlab Simazlink Selection »Power Electronics and Traneducers

«Parametes Configiiration

+System Confignration

*Field Testing & Efficiency comparison

Fig. 1.1: Diara Process Flow of the System
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3. Desizn and Simulation of PMSG based Magley VAWT
2.1, Modelling

The mathematical equations of VAWT was given as
follows [13-14].
Pm = Cp; pA K (31}, A= “l__"fcp (22},
Pu

Tm:u}_

(33} . A=2RH (34)
g1l

Introducing the equstion parameter where A mdicates the
Totor cover area of VAWT in (m), p is the air density in
(Fg'm®), V. is the wind speed in {m's), Cp stands for Power
Coefficient of VAWT, 4 is the tip-speed ratig, 4, is the notor
angular speed in (rads™), B is the madivs of VAWT in (m) and
H ix the height of VAWT in (m). Tip speed ratio, 4. iz the ratio
of the rotor speed of the nobine to the wind soeam velocity.
The basic design parameters of the torbine wers the radins,
height and wind speed. The mewinmm value of Cp (0.48) =
achieved for Pitch Angle B = 0 degree, therefore the blade
pitch angle was sef to O [§]. The modslling of the 3-Phase
PRISG was done with dg equivalent civouit reference frame.
Voltage, omrent and electromagmen: torque for 3 PAMSGE in
the d-q =xs frame bad then been expressed as following
(eqgoation 3.5-3_8) [17-19]:

Fo=—r+pL) —wLi+wd, . G-3)

V,=—(r+pL)i —wULj,

Li=L,+L,, L=L_ +I, G.6)
& R +—"—'i-w"LF W2, G
@& L L L

@ Ry wld, w Us

@ L, L A I,

W= P (3.8

I =L3p(L L )id, HA) 69

Here, L, Ly and Ly, Ly, are the inductances and leakage
inducmances of d and q axis respectively; i, igand Uy, U, are
the stator oumrents and voltages; Ba is the stator resistance in
obms {£X); 3, is the magnetic fiux in Weber (Wh); W, is the
eleciricsl rotzting speed (rad's); p is the munber of poles and
T indicates the elecromagnetic torque. Having implemented
the equations in the Matlab/Sinmlink, the Fip. 3.1 and 32
represent the blodk diagram of Simmlink modslling. The ststor
resistance of the PRLSG was taken as 15 F; the inductance as
0.8mH; the flux linkape of magnet was 0.175 Wh and mass
imertiz was considered to be (U089 kginy®. Besestch had been
mzde on previous works conducted in this field and for the

sake of simmiation these values were taken a: a standard basis
[6] [14] [17].
3.2 Simulation Analysis

Figme 33 mnd 34 display the mechsnical torque
zenerated for different height and redins respectively under
varions wind speeds. Whils mmning the sinmlstion for turbine
torque mnder different heights, radins was fived at 0.2m In
such way, the swept area will vary with only the change of the
nurbine heizht As it can be seen the low torgue generated in
the low wind (2m's-5m's) was improved with the praduwsl
inrease of the height from 04m oowards. Similarby, from
figure 3.4, it can be spotted the low torgue penstated in the
low wind (2m's-5m's) was geifing betier with the increase of
the mdins from 02m onwards. Therefore, for an optindzed
design, nrbine height was fixed at G0on wheress the radins
was set as 15cm
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Figare 3.5 illusmates the effect of nobine torque oo
genetstor OIEDME power on various pole pairs Hems the
generstor power jumped from 5487 to 3 6EW with changing

pole pair (3 to 18). At low torgue range such as at SNm
genermtor power mmessed from §.6W to 24W for the same

chanze in Pole Pair. Tims, pumber of pole plays a vital role in
genemmtor performance regardless wind spesd. Blesult shows
for low forgque, the mied power from the penerator could
mezinmm be S000W. Thesefore, 3 rated power of 200W was
fimed as the pensrator output. The pole pair was decided to be
& for a realistic system Coming to the fiction factor, it
basically represents the fricion in the bearmg while being
rotmated with relatve to the shaft Since Maglew reduces the
friction to in the bearing by levitating the system with the
repulsive force of the magnets, 3 minimal of fricion factor
bence may represent the DMaglev Doplementation m the
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Fig. 3.5: Generstor Power vs Mechanical Torque for differens
Friction Factor
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Fig, 3.6: Generator Power vs h&ni.ca] Torgue
mder Various Pole Mumber

Figure 3.6 demonstrates that a 0.3 reduction in the friction
factor incresces the omwput power from 1.32W to 545W at a
mechanical torque of SWm Az Maglew makes notewordny
improvement in efficiency, it was decided to be mmlernented
in the system

After smalyzing the results from simmlation, a 200W 17V
16 Pole PMSG adopted to 3 VAWT of 14.5m radins and G0cm
of height was sent fior fabrication with Maglev.

4. EHC Desizn Configuration

At this stage, Battery and Suopercap were combined fo
create 4 ybnd system Voltape coming from PAMSG is not
constant, wind dependent and may flacteate. Thersfore a
combinztion of Supercapacitor and batery is needed to be
enmployed as batery needs 3 constant chargine voltage

Upon amrival, the nobine was tested and PMSG open
cirouit voltage mnged from 3.5V to BV for low wind speed
confizmration. It was decided to use a 6V (3 ZAHZIHE) lead-
acid battery for charging Considering all the facts, lead-acid
battery remained a5 the best choice [20]. A Supercapacibor
bank were to be placed before the battery which would be
charged wp by the torbine znd subsequently would be
discharged throuzh the battery. To form a Supercapacibor
bank for Supercapacitors of 35F each with voliage rating of
27 W, were placed in a semies comnection. Thus a 10EW
Supercapacitor bank with §.75F was assembled

5 Wind Turbine and EHC Integration

Figure 5.1 shows the architecture of the overall system.

J.1. Comrol Sravegy

In this system two N-chanmel MOSFET: namely,
PIGWFOAL, with the aid of Arduine UMD microprocessor,
were used to creste the switching. Even though MOSFET 3
does not have amy role in the comirol system, it was p in the
circuit if battery needed to discharge to the load msmmally.
Figure 5.2 chows the flowchart of the conmol architectme of
the system Unfil the battery was charged up to its desired
voltage, the charging and discharzng process wounld be
confimued. Here, curent and voltage fransducer were wsed to
measmre the Supercapaciior snd baftery miing A rotsry
encoder was wsed for fohine rofatonsl speed whereas
snemometer for wind speed All the siFpals were passed
through the DAQ to  the Labwiew  imterface.
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Hl.é.l."l'
[Fa-=cpmum Magrat]
Carrent,
BFRA
Fig. 51: Schematic Disgram of System Architecture of Ensrzy Harvesting system
SBV=TSV Check Supercapaditor SBV =4V
Bark Voltage (SEV) l
¥
[ MIOSFET 1: OFF
Disconnect from wind turbine MWOSFET 1: ON ]

L to prevent overchange Charge supercapacitor bank

Ohedk Rechangeabie
Bathery Violage (RBEV]

BBV 5W(Part] vV (part2)] BBV [SV(Part])6V(part2)]
- . 1
MOSFET Z: OFF
Disconrect from Supercapacitor bank MOSFET 2: ON
L Dizcharge from Supercapacitor bank to
- recharzeable battery

Replace fully charged battery
with depleted battery

Fig_ 5.2: Flow Chart of Energy Harvesting Conmol Architecure
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3.2, Experimental Set-up

Fig_ 5.3: Expenimental Setup for the Integrated System

Figure 53 and 5.4 illusoate the experimentsl set-up and
the EHC of the integrated system respectively.

Fig. §.4: Energy Harvesting Circuit Built on Stmipboard

5.3. Experimental Result
For better understanding, results have been divided mto
two parts. First part includes 3 cases of battery charging
performance in which battery was charged up to 5V from
42V. 1" case shows battery charging by EHC, 2™ case
describes battery charging with converter whereas last one
shows direct battery charging without converter. Second part
of this section deals with the complete charzing analysis
which is given in the later part of the result.
5.3.1. Battery Charzine: From4.2V to SV
For wind =Jms

In the 1* case, battery was charged through
Supercapacitor. Supercap, being charged by the generator,
discharged to battery. Omne entire charging and discharging

process was considered as one cycle. For a wind speed of 5
m/s, 18 cycle was needed to charge the battery from 42V to
5V. Each cycle was for 27 nummes in which charging of
Supercap took 25 mimutes on average whereas discharging
took 2minutes. 18 cycles, therefore, indicate 7.5 hours of total
charging process of the battery. Figure 5.5 (A) indicates the
Supercap readings while charging and discharging whereas
Fig 5.5 (B) provides the EHC efficiency comparison.

i o

(21 J

Sepercap Damctargh g voregs, v (V)

L] ,’ .
Y 3 & | ”
A ° 6 ,".1"
° P e
) *
s Cacrargrg Crcke > Diachaping Cyse—— {0~
a 1 > w - "
Charging Tims (maxt)
Fig. 5.5 [A]: For wind speed 5m/'s- Supercap Charging &
Discharging Conplete Cycle
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Withowt the use of Supercap, nobine was fed to charge
the batery through the cooverer which was Case B
According to fiz. 5.5 [B], it took almaest 175 howrs fo reach its
mexinmm value of 4 8%, After that the inrease of the voltage
was 5o less with mespect to time, the value was nof taken in
considerafion. Case C comnects the nobine directly with the
battery. This approach took less time (10 howrs) than case B
(direct charming vis comverter). However, the penemstor oufpas
wvolage flucmates and battery nesds 3 steady constant voltage
for charping up. Therefore this method is not recommmended
and applying this method for a longer period will result
damaging of the battery. 5till results were gathered for the
ke of companison and dam was graphically displayed
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Fig. 5.5 [B]: For wind speed 5m's- EHC Efficiency

Comparing all the 3 cases in 5m's wind speed, “Case C7
was taken as a reference point It was found out thet charping
through Supercap was 21% more efficient than direct charging
without coovertsr. Charging throush comverer was mot
successfol as it fmiled to go beyond 4.8V, Therefore Case 2,
technically, was considered 2z incompetent to work n Sm's
wind speed.

For wind Spead = dmis

Ap thic sage i Case A one cycle was consisted of 37
mimrtes. Hence, it took 10.4 howrs of cherging tdme for 13
cycles (Fig. 5.6[A]). According to Fig. 5.6[B], Case B was
mcapable to charge the device at 4m's. “Case CF wook 15 howrs
to finich the task. It was found out charging throush Supercap
was 31% more efficient that direct charging without the boost
COmVerier.
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Figure 5.6 [A]: For wind speed 4m's- Supercap Charging &
Dhischargine Conmplets Cycle
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Unlike the previous expenments, Suopercapacifor bank
could not be charged up to 7.5V, This was due o the lack of
the mechanical torque, &5 the sysiem was p in 3 very low
speed of 3m's In order to come wp with a solofon
Supercapacitor Bank charging voltage limit was reconfizored
and lowered down to §.8W. It took 95 mimses to finich the
charping cycle. Also it ended up tsking hipher mumber of
cycle {24 cycles) to finish charging.

X TG
TR

Fig 5.7 [Al: F%Ms Supercap Charping &
Drischarging Complete Cycle
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Fig 5.7 [B]: For wind speed 4m's- EHC Efficiency

Fipure 5.7[A] displays the complete cycle of
of it. For a mmber of 24 cycles, in which each cycle was
mzde of 95 mmmmes, 3 total doration of 384 bows was
Tequired to conmplete the entire battery charpine process. It i
important to note that *Case B’ was not experimentad in this
section becmise of its poor performance in the earlier stage.
For case C, it took nearly 53 bowrs to charge the battery up o
5V which surely was considerably longer than the previous
charging. It was caloolated and coochuded that charging
throuzh Supescapacitor was 28% more efficient that direct
charging withount comverter (Fig. 5.7 [B]).

The Energy harvesting cioomt (ECH) shows emcellent
values for each of the different wind speed case with pood
performance gverall. Change in the wind speed fom Sm's to
4m's produces betier efficency a5 it goes to 31% from 19%.
For a low speed of 3 m's, EHC, even though took a long fime
of 354 hours to charge up the bamery, sdll meinmine its
productivity by producing an effidency 28%. Table 5.1 shows
the summary of the result in this secion.

Table 5.1. Smmmary of efficiency conparison fior battery

charging from 4.2V to 5V
Speed | Chasrpingvia | Charging Time )

| swpercap () )
(m's)
5 21 10 19
4 104 15 31
3 384 53 28

532. Battery Charging- 5 5V 1o 6V

Afier charging the battery from 4.2V o 5V, another
experiment was conducted to charge battery from 5V fo &V at
Sm's. Figume 5.8 shows that with EHC, battery took almost
188 houars to finich charging whereas direct charging needed
2432 hours. Hence, EHC was 22% more efficient than direct
charging
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6. Conclusion

To conclude, this paper provides a platfiorm for 3 novel
mmowvative approach fowards an off-pnd enerpy harvesting
system for Maglev VAWT. A complete sivmlation analysis
was done for 3-Fhase PMSG adopted to VAWT. With the
variation of design parmmeters wmder low wind speeds, an
optimized system of 3 2000 12V 16 Pole PAMSG amached 1o
Maglev VAWT of 145m radins and $0om of height was
fabmicated Upon amival, the optimized system was integrated
with a 6V EHC. A 108V Supercapacitor bank with 8 75F
capacitnce was wsed in the BCH. While operatonal EHC
showed better effidency in charging batery i all aspects
comparing o direct charging of battery regandlass of with or
withowt comverter. The hizhest amount of efficiency was
drawm from the system was 31%. Companng o the
Worthingion's work of polling off 300% more efficency with
hybnd energy harvesting, it is drastically low. However, his
storage system was implemented to 3 pump Gre cnomt
wheress our ciromit was designed for a low wind application
As sn off-grnid stendslone low woltage energy harvesting
systermn, the EHC was sble to provide noteworthy better
efficiency in all thres low wind speeds.

There were some issoes and linmtations encountered
during this resesrch Firstly, torbine blade desizm was mot
taken in consideration in the siomilafion As there was no
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proper mathermatica] modsl for 2 hybrid VAWT which would
relate murbine blade member to owfpur torque of power, the
sinmilation therefore did not acoomt blade desizn. Moreower,
DT D boost converter nsed m this research did not perform
well according to the data sheet in the minimiem range. As it
was stated in the dam sheet the comvener should be able o
step up voltage from as low as 2.5V, practcally it could mot
step up aoy smount of voltage less than 4V, Therefors the
Supercap chargine ranee was made fom 4V-7.5V which
should have been 3V-7.5V. This had a direct efect on system
efficiency. Fumure works wiuch can be onicomes from the
research are quite & few. Apart Tom improning the comvertes,
an inportant task that can be taken in considsraton in the near
fiuture is to apply CFD (Computational Fhid Dhynamics) in the
magmet posifioning and Ty o come up with few opdmized
designs which will zive nearly zero friction In additon, Finite
Element Analysis could be made possible to apply on torbine
blades. These will surely help to increase the efficiency of the
system A real time wireless momitoning interface could be
made availsble Embeddsd solobions, providing wirslsss end-
point conmectvity to devices like KBEE Modules, can be of
nse.

To recapimulste, sufficient gomdwork and results had
been laid owt i this paper to deliver the necessary
development and framework for Smrther improvemsnis. For
raral areas in couniries like Malaysia where zrid connecton is
mot always available, this standslone system can make a
difference for nsing small scale elecronic devices.
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LABWVIEW with NIUSE 621 DAQ that synchronized the data to perform real-
tinee analysis throuagh the use of power electronics. & hybrid Vertical Aods
Wind Turbine adopted to a 200 Permanent Magnet Synchronous
Ganerator was used lfor incorporating the Suparcapacitor based battery
charging energy harvesting sysbem. The GUI displayed the real time
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wind speed and angular velocity of the turbine. The maodel was built in sudh
& way S0 that it could be used as & universal GUI for wind energy
harvesting with minimal adjustment.
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ABSTRACT

Thiz paper developed a wnmiversal Fieal Time Graphical User Imterface for wind powered Energy Hamvesting Ciromt The
proposed GUL was built in LABVIEW with MIUSE 621 DA that synchronized the dats to perform real-time analysis through
the nse of power elecromics. A hybrid Vertical Axis Wind Twhine adopted to a 2007 Permanent Magnet Synchronous
Generator was nsed for incorporating the Supercapacitor based battery charging energy hamvesting system. The GUT displayed
the real time energy harvesting oufput readings both graphically and dizitally along with wind speed and angular velocity of the
nrbine. The model was built in such a way 3o that it could be used as 8 ymiversal GUI for wind energy harvesting with mininial

adjustment.

Keywords:

Graphical User Interface (GUT), LABVIEW, Fzal Time Monitorme, Ensrzy Harvesting, Wind Energy

1. INTRODUCTION

Mumerpus countries worldwide are conscious about the fact
that the past and oworent wends of energy system are mot
sustainable and a soluton needs to be drawn to protect the
world energy from a drastic falling In order to search for an
alternating zource, the world is nomine fowards renswable
energy. Wind power is the next promising source slong with
biydro and solar. Wind energy is gaming more inferest each
vear [1]. Asia caphmed the largest market of wind power for
the last few years. China followed by the United States and
Gemuany is leading from fromt [X][3]. Wind energy has
generated more then 20% of elecmicry in guite a Sw
commiries inchodmg Denmark, Micaragua, Portuzal and Spain
Moreover, World Wind Emergy Associadon (WWEA)
reported that wind production in Chins incressed considerably
by adding another 233 GW at year 2014 followed by
G‘EI'.I:I].H.I:I.‘. and USA [3]. However, most of the researches on
wind power were forused more on grid-comnmected system
[4][5]. In 2013, a 15EKW Permanent Magmet Synchronous
Generator (PRS0 bazed standslone Vertical Axis Wind
Turbine (WAWT) developed was too heavy and bulky in size
for small-scale of-grid system [§]. Im 2014, a lshoratory
prototype of 300W PMSG based § bladed VAWT to observe
the of-grid performance of small scale VAWT system is
designed and developed [7]. In 2014, a small scale VAWT
adapied to PMSG was fabricated in order to incorporate the
system with battery charging energy harvesting cinouit [E].

This paper describes the real tme output characteristic of the
nobine which is incorporated with a &V batery charging
Energy Harvesting Cinouit (EHC). The readings are to be
displayed in a Graphical User Inferface (GUT) developed m
LABVIEW. A Hybrid Verncal Awis Wind Twrbine (WAWT)
amached o Permonent MMagnet Synchronous Generator
(PMISE) is used for incorporating the EHC system

2. REAL TIME MONITORING SYSTEMS

Few works were done before in wind energy sector
regarding rezl ome momitoring system. An stmospheric wind
profiler that could able to measure stmospheric honzontal and
vertical winds is developed in [9]. An inferface in LABVIEW
o0 measure wind speed, direction, pressure and temperanme in
real fime iz presented in [10}-{11]. A wind twbine enmilator
nsing LABVIEW that displayed the static snd dynamic
characteristics of a fypical wind nobine is presented in [12]. A
real time monitoring of wind power with environmental issues
was presented in [13]. A wind nrbine enmilator for omalaple
power plants is mToduced [14]. But the system was oo
complex and it was improvised with advanced FPGA
confroller system which was zlso desigped in LABVIEW.
Consequently a digital swubsystem with progranmmsble
conmuater and wansducer to record Sequency distibuton of
wind direction in separate sector is deweloped [15] Mo
significant graphical wser interface has yet 1o be built for of-
zrid wind Energy Harvesting Cirowit (ECH).
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However energy haresting throush renswable sources is not a
new idea. Babazadsh [16] mwented a hybrid energy storage
system for a PMSG wind nrbine with a large varisble wind
speed betwesn 6 ms te 21 m's. The system helped to
smoothen and regalate the outpus. Currentdy availsble electric
wvehicle (EV) such as Tesla Model 5, Toyota Prus and
Chevtolet Wolt nse battery banks for energy storage The
average uwrban drving patterns cause rapid discharging of
barery banks when sccelerating. This results reduction in the
barmery bank lifespan thus supercapacitors are beneficial n
this case. Since supercapacitors are able to charge and
discharge at a fast rate, it can provide a boost of power during
acceleration snd absorbs power duming regenerative braking
[17][18]. Barmery and sapercapacitors are used together to
form a bybrid energy storaze system For instance, Lai (2008)
proposed & power elecmomic imterface for a  Battery
Supercapacitor Hybrid Energy Storage System The interface
was developed for zrid connecton which was in Mega War
power range [19]. Wonhington (2010) dewveloped 2 mowel
S5HI {synchronized switch harvesting on mductor) technigoe
that could be connected to a load capadtor directly to harvest
energy. Experiment resalts showed that this idea is capable of
harvesting three fmes more amount of energy compared to the
uswal bridze rectifier civouit [20]. This paper imtroduces a
novel approach of bringing energy harvesting into wind power
techoology and delivers a standard amd wser frendly
LABVIEW based GUI real tme monitoring for switched
conmolled wind energy harvesting system.

3. Hardware Design

a. Energy Harvesting Circmit

Figure 1 shows the confisuraton of the VAWT along with

Since the open drcut voltage range was low, it was decided
to mse 3 GV banery for charging. A Supercap bank was to be
placed before the battery which would be charged up by
mking the wvoltage generared from the nuobine and
subsequently would be discharged through the battery. Since
the battery needed 2 constanf voltage for charging wp, the
system required a DO DT boost comverter in betwesn the
Supercap Bank and Battery that would sive 2 constant steappad
up voltage to the batery. As a pant of the hybnd energy
harvesting, Supercap were wsed to store the charges initally
zenerated by the nobine. To form & Supercap bank, four
Supercap of 35F each mamnfacmred by Cooper Bussmann
with voltage rating of 2.7 V were placed in a series connection
(fipgare 3.1). When four Supercap are linked in semss, total
operating voltage, Wt and totsl capacitsmoe, Cow Weme
calculated as follow:

Ve=108Y & Cop == B76F

TR

As g result, 3 Supercap bank with 8.75F capacitance and
voltage rating of 10,8V were assembled Although thers were
a few better batteries found in the research but they wers
excluded from the List due to the cost-effectivensss and
maintenance diffioulties. For example. s a resalt of additional
profecton cirowt requirement, Li-Ton batteries was onmted;
even though have high efficiency and cycle life [16] [17].
Considering all the facks, becmse of having the optimen
characteristics, lead-acid bartery remained as the best choice
Throughout this project, a 6 V (3. 2AH20HE), 3 cells, lead-
acid battery (Figure 3.2), mamfscnmed by Yokohama, was
chosen

Tahle 1: VAWT Confimmation

PWSGused in this experiment.

Wind Spesd mngs FHimh
FAWT Haigis 60 ez
Radms : 145em
Numher of bhda : 9
Phaw : T
PG Fand Powar : 200w
Fawd Voltge : 1w
Diamesar : lhcm
Tiop mer welpht Extimo Systam 12 5kg
Chemerasar PMEG Cpan B0V (Case A)
Ferformance Circuit Anabysis 6.5V {Case B)
3.5V {Case C)

Figure 1 Supercapacitors on Stripboard

In this experiment, battery and Supercapacitors (Superncap)
are nsed together to form a bybrid system Batery has higher
Equivalent Series Flesistance (ESF) conparing fo Supercap
which results in high internal loss, thus less effcient conpared
to Supercap [21][22][23]. In additon voltage coming from the
generator of fobine is not constant, wind dependent and may
fhucmate. Therefore a combinaton of Supercap and battery is
needed to be amployed. Moreover, it can be obsarved from
Table 1 that the hizhest open cironit voltage ranges from 3 5V
to BV for low wind speed confiuration. As far as low voltage
concerns, for batter selection, two choices were there; either to
work with a batery 6V or 12V,

m = metar, & = weoond, W= Watt, Case A indicaies Jov's wind speed .
Cass B imdicates Sm/'s wind specd amd Case C mdicates 3m/s wind spoad.

b DO DM Boost Converter

ADC D Boost Comverter was nsed in the system o give a
constant voltzge of 7.5V to the 6V battery. The “LT1303
micro-power step-up high efciency DCDC converter was
chosen as they were ideal for use in small, low-voltage battery
operated systemns. An adjustable version of it is LT1303 which
can supply an owpa voltaze wp to 25V, The schematic
dinzram of LT1303 converter is shown in Figare 2.
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(a) Circoit Diagram of LT1303 (b)) on Stripboard

Fizure I DC-DC Converter

Since the constant charpe cycle of the battery ranges fom
TAV-T5V, it was therefore set o 8.18V. The woltzge was
expected to drop down a little, therefore the owput at DC DC
comventer was sef as lifle high By seming the By = 100k and
B, = 560k, the owput voltape can be caloulated as shown
below.

S&0K

Vo =1240+3

=818V

Cwrent monitoring is a2 fimdamensal techmigqoe in maemy
electronics systems. For a hizh-side cumrent sensing circuit, a
sense resistor is placed on the high side, located in between
the supply voltage and lead. For a low-side sensing, a sense
resistor is placed on the low-side, which is connected to the
load and pronmded on the other side [24] [25].

Vin - L

A
e
(a) IXTT pin confizaration i{b) On soripboard
Figure 3 Cwrrent Sencing Circuit

A high-side cwmrent sensing i prefemed if the gensrated
current from the wind nurbine is basically the measored oorrent
flowins through the load Therefore, for the enerpy harvesting
circuit, 3 high-side omrent sensor was chosen. Here, a low
offtet high-side cwrent monitor, namely ZICT 1022, was
used to read the value of orent. The cirowt disgram and the
smipboard form are showm in Figore 3. It is noteworthy to
remeark that valme of P Was &t to the 0.10 and Vot was
comnected to the anslog mpw pin of the Anduno
micToprocessor. To measure the rotational speed of the wind
norbine, a rotary encoder (Fizure 4) was used for this project.
It was installed at the base of the torbine. It could sense the
rotation snd send the sigmal to LABVIEW through DAQ. It
sent logic high whenever the marked turbine blade outs

IETE Journal of Research

through the encoder; or else logic low. To coumnt the mumber of
logic high per mimite, counter was used in LABVIEW.

oo ;05

{3) RE0SA  (Bb) Attached to the turbine

Fizure 4 Fotary encoder

4 SYSTEM LAYOUT

A novel design of a small vertical axis wind nrbine
(WAWT) has besn used to charge battenies for ensTgy storage.
This desizm of VAWT me: mametic levitaton concept
making it gearless and lishrweight which result in siznificant
reduction in fcton and star-up wind speed. The charpes
generated are desired to be stored inoa GV lead acid batery.
The charges gepemated from the twbine are not constant
becanse it depends highly on the wind speed. Therefore,
Supercapacitor bank followed by a boost comverter is used to
provide a constant coment supply to charge the battery throngh
discharging the Supercapacitor; theseby, sble to lengthen the
life cycle of the battery. Since Supercapacitors are able to hold
charges for a long tme, bence it will not deplete its charges
companing to mormal capacitors. A control system using
Anfnino is implemented to conmol the charging and
discharging ciromt so that the system is able to perform
efficiently Encoder, coment and woltape transducers are to
provide real time monitoring data. DAQ interfaced the laptop
through LABVIEW based GUT for data acquisition. Figure 5
provides the systemn Layowt of the entite experiment
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5. CONTROL SYSTEM
5.1 Switching Configuration

In this harvestung system switch plays a vital role. Two N-
chamnel MOSFETs, P36NFOSL, programed by Arduimo UNO,
were used here (Figure 6) to create the switching condition m
energy harvesting circwet A LED was placed in parallel to the
gate-source pin of the MOSFET for testing purpose.

Figure 6 Confizguration of Switching Circuit on Stripboard

To control the charzing and discharging slzonithm of the
supercapacitors bank and rechargezble battery, two N-channal
MOSFETs were used to act as a switching circwt in this
project. In order to verify the suitability and validity of the use
of N-channel MOSFET several tests had been camed out
(Figure 7). When a3 PWM pulse with anplitude of 1V was
connected to the gate to source; the MOSFET was off. On the
other hand when a 4.8V PWM pulse was applied to the gate
to source, it can been seen from figure that the MOSFET was
switched on. In this project. a 5V PWM was used from
Arduino to turn on the MOSFET and 0V to tum off.

(a) Analysis of MOSFET off using Oscilloscope

}

(b) Analysis of NIOSFET on using Osxcilloscope

Figure 7 Switching configuration

5.2 Case 1 Charging supercapacitor from the turbine circuit
Thiz conditon ocowrs when V. was less than 4V
MOSFET 1 was nuned on so that the wind nurbine could
charge wp the supercapacitor bank. In this period of time
MOSFET 2 was nened off which basically isolated the battery
from the Supercap. Figure 8 shows the schemanc diagram of
the system circwit at condition 1. Here, Va-c and Iz are the
AC voltage and current conung from the 3-Phase PMSG.

PR/

i
L

Figure 8§ Casel

5.3 Case 2 Discharging supercapacitor bank to rechargeable
batery

This conditon occurs when Vige.e 15 Zreater or equal to
7.5V, MOSFET 1 then was tumed off to prevent overcharging
from the wind nrbmme, while MOSFET 2 was temed on
(Figure 9). At this point of time, the rechargeable battery was
charged wp to the battery rated voltage, 6V. MOSFET 1 would
be switched on again as soon as the voltage of supercapacitor
dropped to 4V.

14
1r
-

I
i
-

Figure 9 Caze 2

Untl the bartery was charged up to 6V, the charging and
discharging process is contimmed. Two LEDs are put alizned
with the bias voltage. To indicate its logic high close circuit
stanas, LED would light on whenever the MOSFET was
tumed on and vice versa. Fizure 10 shows the energy

harvesting circuit on stripboard.

Figure 10 EHC on stripboard
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4. LABVIEW BASED GRAPHICAL USER
INTERFACE

The Graphical User Interface (GUI) for this project was
created uwsing LABVIEW. A user fnendly GUI ensbled the
user to be able to monitor and analyze data The fron: pansl of
developed LABVIEW GUI is shown in Figure 11 and Figure
12 respectively whereas Figure 13 shows the block diagram of
LABVIEW interface.

of Research

w

Programmable load reading was the additional feature for
further use The data from the graph could also be exported to
Excel This enabled user to keep mack and acknowledge the
current stams of the system. The experiment was carried out at
the University of Nottingham Malaysia Campus, located In
Jalan Broga, Semenyih The research is performed at the
Research Building, N block. Figure 14 displays the
experimental set-up of the system

TURBINE INSTRUMENTATION AND
LARVIEW SYSTEM

MAGNETICALLY LEVITATED VERTICAL AXIS WIND |

Ihe savarsny o

Nottingham
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MEASUREMENT
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Figure 11 Developed Front Panel of LABVTEW GUI- Part 1
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Figure 12 Developed Front Panel of LABVIEW GUI- Part 2
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Figure 13 Back Panel of Developed LABVIEW GUI

Figure 14 Experimental Set-up
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=, RESULTS For a wind speed of Sm/'s, the result chowed an incresse of
Figure 15 and Figare 16 here show the LABVIEW GUl while 9% of the charging fime while chergme through the
the system was operationsl Figre 15 gives the digital reading  S9percap. It took caly 3.1 hows wheress direct charging
of energy harvesting Supercapacitor bank and battary charging  Witkow! comverter took 10 hours. For wind spead 4mis, the
values for a fived wind speeds and angular velocity. On the  eDerEY harvesting circuit, taking only 10.4 hours to charge up
other hand Fiswe 16 provides the gaphics]l apslysic of [ Bamery, again showed an excellent performance of 31%
Supercap bank current and Veltage reading along with bepery  EEHCiEnCy. For 3m's, energy hervesting circuir stll held the
10 charging progress. Dat was imported directly in excel apd 0P Position handsomely with 2783 efficiency

analyzed for efficiency compamson (Figure 17).
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Figure 17 EHC efficiency comparizon

6. CONCLUSION

Az s conchesion to this paper, the aim of this experiment
was to provide a LABVIEW based UL that can work with a
standalone of-grid wind torbine incorporated with energy
harvesting cireait The proposed imterface provides an easy,
less complicated access to epsrgy harvesting data without
mmch diffioulty. There is vast scope fo extend this work
firther. The (FUT developed in the LABVIEW is nniversal smd
can be integrated with any sort of energy harvesting with a
minirs] adinstment. This sumely can bring 3 revolutionary
changze for real fime data monitoring for off-grid wind power
applicadon and can be 3 replacemens of SCADA (Supervizory
Conirol and Detz Acquisition) for small scale real fime
EYEIEImL
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Simulation data

For wind speed =4 m/s

Casel :
Turbine Turbine Swept Mechanical Power Mechanical Torque
Radius (m) Height(m) Area(m?) from theturbine, P, generated from the
(w) turbine, T, (Nm)
0.4 2 1.6 27.67 2.76
0.6 2 2.4 4151 6.23
0.8 2 3.2 55.34 11.07
1 2 4 69.18 17.3
1.2 2 4.8 83.02 24.93
14 2 5.6 96.85 33.86
1.6 2 6.4 110.7 44.28
Case 2:
Turbine Turbine Swept Mechanical Power Mechanical Torque
Radius (m) Height(m) Area(m?) from the turbine, generated from the
Pm (W) turbine, T, (Nm)
1 1.6 3.2 55.34 13.84
1 1.8 3.6 62.26 15.57
1 2 4 69.18 17.3
1 2.2 4.4 76 19.02
1 2.4 4.8 83.2 20.75
1 2.6 5.2 89.3 22.4
1 2.8 5.6 96.85 24.21
For wind speed =2 m/s
Casel :
Turbine Turbine Swept Mechanical Power Mechanical Torque
Radius (m) Height(m) Area(m?) from the turbine, P, generated from the
(w) turbine, Tr, (Nm)
0.4 2 1.6 3.5 0.7
0.6 2 2.4 5.2 1.6
0.8 2 3.2 7 2.8
1 2 4 8.74 4.324
1.2 2 4.8 10.38 6.24
1.4 2 5.6 12.11 8.466
1.6 2 6.4 13.8 11.07
Case 2:
Turbine Turbine Swept Mechanical Power Mechanical Torque
Radius (m) Height(m) Area(m?) from the turbine, generated from the
Pm (W) turbine, Tr, (Nm)
1 1.6 3.2 6.9 3.5
1 1.8 3.6 7.8 3.9
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7.2.2. Comparing the Simulation Data with theoretical value:

(Data given here only for Wind Speed at 2 m/s):

For wind speed =2 m/s

Case 3:
Turbine Turbine Swept Mechanical Power Mechanical Torque
Radius (m) Height(m) Area(m?) from the turbine, P, generated from the
(w) turbine, T, (Nm)
0.4 2 1.6 3.47 1.79
0.6 2 2.4 5.43 2.76
0.8 2 3.2 7.22 3.74
1 2 4 8.88 4.132
1.2 2 4.8 10.12 5.32
14 2 5.6 12.41 6.113
1.6 2 6.4 13.8 6.76
Case 4:
Turbine Turbine Swept Mechanical Power  Mechanical Torque
Radius (m) Height(m) Area(m?) from the turbine, generated from the
Pm (W) turbine, Tr, (Nm)
1 1.6 3.2 6.77 3.34
1 1.8 3.6 7.81 3.76
1 2 4 8.84 4.28
1 2.2 4.4 9.67 4.63
1 2.4 4.8 10.45 5.21
1 2.6 5.2 11.48 5.79
1 2.8 5.6 12.39 6.22

1. Generator Parameter testing in SimPower:

The PowerSim toolbox in the Matlab is used to simulate the generator parameter for different
mechanical torque (Tm) from the turbine to get maximum voltage and power.

Parameter 1: Pole Pair

For Pole Pair 8,

For Pole Pair 10,

Tm (Nm) | Vrms(v) | Irms (A) | P (W) Tm(Nm) | Vrms(V) | Irms(A) | P(W)
68.86 | 240.913 | 0.75802 547.8561079 68.86 | 294.512 | 1.51605 1339.489691
50.59 | 176.990 | 0.75590 401.3637482 50.59 | 216.376 | 1.07410 697.234373
35.13 | 122.896 | 0.47694 175.8455227 35.13 | 150.261 | 0.82237 370.7133603
22.48 | 78.6310 | 0.45495 107.3211784 22.48 | 96.1674 | 0.29613 85.43683868
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For Pole Pair 16,

For Pole Pair 18,

Torque | Vrms(V | Irms(A) | P=(W) Torque | Vrms(V | Irms(A) | P=(W)
) )
68.86 | 425.61 | 2.1206 2707.699084 68.86 | 464.07 | 2.5944 | 3612.016328
1 3 8
50.59 | 315.30 | 1.5330 1450.094613 50.59 | 340.97 | 1.4509 1484.240068
1 0 9
35.13 | 218.99 | 0.6961 | 457.3582471 35.13 | 236.81 | 1.2621 | 896.7119489
3 5 2 9
22.48 | 140.14 | 0.7148 300.576065 22.48 | 151.53 | 0.7757 352.6374136
9 9 4 0
12.65 | 78.843 | 0.3931 92.9927836 12.65 | 85.277 | 0.5114 130.8474797
1 5 9 5
5.621 | 35.037 | 0.1697 17.84577478 5.621 | 37.894 | 0.2110 | 23.98734408
4 7 2 0
12.65 | 44.2582 | 0.26446 35.11366348 12.65 | 54.1083 | 0.29408 47.73791761
5.621 | 19.6648 | 0.11200 6.607782737 5.621 | 24.0418 | 0.12445 8.976172163
For Pole Pair 12, For Pole Pair 14,
Tm(Nm) | Vrms(V) | Irms(A) P=(W) Torque Vrms(V) | Irms(A) P=(W)
68.86 | 344.081 | 1.54575 1595.592003 68.86 | 389.053 | 2.07537 2422.30196
50.59 | 252.793 | 0.77004 583.9874509 50.59 | 285.886 | 1.70060 1458.540225
35.13 | 175.576 | 0.85631 451.0456011 35.13 | 198.486 | 0.68724 409.226344
22.48 | 112.360 | 0.67267 226.746704 22.48 | 127.068 | 0.58747 223.9464353
12.65 | 63.2159 | 0.32194 61.05690107 12.65 | 71.4891 | 0.30405 65.21075074
5.621 | 28.0936 | 0.11575 9.755888618 5.621 | 31.7635 | 0.17168 16.36017779

Parameter 2: Friction Factor

For Friction Factor O,

For Friction Factor 0.06,

Tm (Nm) | Vrms(V) | Irms(A) | P=(W) Tm (Nm) | Vrms(V) | Irms(V) P=(W)
68.86 | 216.871 | 0.98218 639.0217064 68.86 | 184.344 | 1.02955 569.3797207
50.59 | 159.383 | 0.92419 441.9051757 50.59 | 135.412 | 0.78418 318.5663601
35.13 | 110.663 | 0.64906 215.4811579 35.13 | 94.0461 | 0.55628 156.9496603
22.48 | 70.7820 | 0.42462 90.1668044 22.48 | 60.1753 | 0.28327 51.13757082
12.65 | 39.8458 | 0.15464 18.48597206 12.65 | 33.8566 | 0.1986 20.17462495
5.621 | 17.7061 | 0.10267 5.453816604 5.621 15.047 0.0944 4.261401734

For Friction Factor 0.12,

For Friction Factor 0.18,

Tm (Nm) | Vrms(V) | Irms(A) | P=(W) Tm (Nm) | Vrms(V) | Irms(A) | P=(W)
68.86 158.11 | 0.85207 404.1647519 68.86 | 136.897 | 0.78053 320.6077493
50.59 | 116.178 | 0.63187 220.231944 50.59 | 100.515 | 0.46644 140.1621183
35.13 | 80.6816 | 0.28362 68.6495817 35.13 | 69.8246 | 0.41187 87.60280522
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22.48 | 51.6122 | 0.28362 43.91527579 22.48 | 44.6251 | 0.23237 31.80097744
12.65 | 29.0482 | 0.10719 9.341771175 12.65 | 25.1446 | 0.12331 9.227996993
5.621 | 12.9048 | 0.04911 1.902872747 5.621 | 11.1729 | 0.06256 2.079951893

For Friction Factor 0.24,

For Friction Factor 0.30,

Tm (Nm) | Vrms(V) | Irms(A) P=(W) Tm (Nm) | Vrms(V) | Irms(A) P=(W)
68.86 | 119.572 | 0.38672 138.7238457 68.86 | 105.359 | 0.57383 181.3737287
50.59 | 87.8235 | 0.51308 135.1818728 50.59 | 77.4284 | 0.28827 67.11383724
35.13 | 60.9956 | 0.21498 38.70129129 35.13 | 53.7403 | 0.31896 51.38078548
22.48 | 39.3267 | 0.14114 16.52719699 22.48 34.34 | 0.16689 17.21889026
12.65 | 21.9695 | 0.08813 5.851816238 12.65 | 19.3537 | 0.09762 5.669804247
5.621 | 9.75817 | 0.58542 1.71378587 5.621 | 8.59851 | 0.05136 1.324249399

Parameter 3: Stator Resistance

For Stator Resistance 5 Ohm,

For Stator Resistance 13 Ohm,

Tm (Nm) | Vrms(V) | Irms(A) | P(W) Tm (Nm) | Vrms(V) | Irms(A) P(W)
68.86 | 162.211 | 0.95743 465.9203364 68.86 | 155.07 | 0.86762 403.6293916
50.59 | 119.148 | 0.70181 250.8591865 50.59 | 113.916 | 0.68267 233.2933846
35.13 | 82.7322 | 0.47546 118.0084634 35.13 | 79.1260 | 0.43961 104.3543465
22.48 | 52.9557 | 0.28482 45.24940588 22.48 | 50.6364 | 0.28001 42.53715586
12.65 | 29.7977 | 0.17098 15.28447116 12.65 | 28.4896 | 0.16511 14.11184317
5.621 | 13.2442 | 0.06196 2.462012071 5.621 | 12.6573 | 0.05852 2.222148621

For Stator Resistance 21 Ohm,

For Stator Resistance 29 Ohm,

Tm (Nm) | Vrms(V) | Irms(A) | P(W) Tm (Nm) | Vrms(V) | Irms(A) | P(W)
68.86 | 191.203 | 0.76439 438.4620097 68.86 | 142.624 | 0.65598 280.6810185
50.59 | 109.178 | 0.65337 214.0025046 50.59 | 104.794 | 0.61773 194.2050049
35.13 | 75.8025 | 0.40454 91.99544447 35.13 | 72.7619 | 0.37102 80.98899837
22.48 | 62.4239 | 0.27414 51.34021871 22.48 | 46.5492 | 0.26757 37.36582468
12.65 | 27.2945 | 0.15945 13.05670043 12.65 | 26.1985 | 0.15400 12.10446716
5.621 | 12.127 | 0.05540 2.015849664 5.621 | 11.6390 | 0.05258 1.836230519

For Stator Resistance 37 Ohm,

For Stator Resistance 45 Ohm,

Tm (Nm) | Vrms(V) | Irms(A) P(W) Tm (Nm) | Vrms(V) | Irms(A) P(W)
68.86 | 137.038 | 0.54773 225.180539 68.86 | 131.947 | 0.44371 175.6406188
50.59 | 100.693 | 0.57863 174.7922325 50.59 | 96.9452 | 0.53783 156.4203901
35.13 | 69.9335 | 0.33945 71.2093658 35.13 | 67.3242 | 0.30971 62.55416979
22.48 | 44.7461 | 0.26057 34.97869089 22.48 | 43.0773 | 0.25335 32.74208199
12.65 | 25.1803 | 0.14877 11.23873156 12.65 | 24.2398 | 0.14382 10.4590286
5.621 | 11.1865 | 0.05002 1.678929702 5.621 | 10.7693 | 0.04768 1.540696351
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Parameter: Inductance

For Inductance 0.8H,

For Inductance 0.08H,

Tm (Nm) | Vrms(V) | Irms(A) | P(W) Tm (Nm) | Vrms Irms P(W)
68.86 | 25.1053 | 0.14121 10.63422896 68.86 | 113.739 | 0.75449 257.3653363
50.59 | 24.5598 | 0.08327 6.129933572 50.59 | 95.0366 | 0.60407 172.2301834
35.13 | 23.3489 | 0.12428 8.687728631 35.13 | 71.9846 | 0.44452 96.00433136
22.48 | 20.5204 | 0.25339 15.59709815 22.48 48.502 | 0.25117 36.54545294
12.65 | 12.8697 | 0.07372 2.847444614 12.65 | 27.9875 | 0.15804 13.26944951
5.621 | 10.1689 | 0.06526 1.990733482 5.621 | 12.5584 | 0.06025 2.268972319
For Inductance 8mH, For Inductance 0.8mH,
Tm (Nm) | Vrms(V) | Irms(A) P(W) Tm (Nm) | Vrms Irms P(W)
68.86 | 25.1023 | 0.14121 10.63422896 68.86 | 113.709 | 0.7544 257.3653363
50.59 | 24.5508 | 0.08327 6.129933572 50.59 | 95.0366 | 0.60407 172.2301834
35.13 | 23.3489 | 0.12408 8.687728631 35.13 | 71.9846 | 0.44452 96.00433136
22.48 | 20.5204 | 0.25339 15.59709815 22.48 | 48.5002 | 0.25117 36.54545294
12.65 | 12.8697 | 0.07372 2.847444614 12.65 | 27.9875 | 0.15804 13.26944951
5.621 | 10.1689 | 0.06526 1.990733482 5.621 | 12.5584 | 0.06025 2.268972319
For Inductance 0.8H, For Inductance 0.08H,
Tm (Nm) | Vrms(V) | Irms(A) P(W) Tm (Nm) | Vrms(V) | Irms(A) P(W)3
68.86 | 153.726 | 0.86975 401.1106933 68.86 | 154.225 | 0.85567 | 395.8590926
50.59 | 113.138 | 0.67734 229.9004095 50.59 | 113.353 | 0.6795 | 231.0528366
35.13 | 78.6313 | 0.43963 103.701549 35.13 | 78.7014 | 0.43518 | 102.7430006
22.48 | 50.3324 | 0.27729 41.86531998 22.48 | 50.3603 | 0.27931 | 42.20934258
12.65 | 28.3344 | 0.16398 13.93861684 12.65 | 28.3344 | 0.16444 | 13.97468053
5.621 | 12.5939 | 0.05836 2.203228308 5.621 | 12.5969 | 0.05811 | 2.195480809
For Parameter: Intertia (Kg/m?)
For Inertia 0.01 Kg/m?, For Inertia 0.04 Kg/m?,
Tm (Nm) | Vrms(V) | Irms(A) P(W) Tm (Nm) | Vrms(V) | Irms(A) P(W)
68.86 | 287.865 | 1.72535 1490.014578 68.86 | 235.822 | 1.40857 996.5171132
50.59 | 211.497 | 0.69157 438.788116 50.59 | 173.242 | 0.93904 488.0493608
35.13 | 146.865 | 0.87969 387.5756337 35.13 | 120.28 | 0.46726 168.6063539
22.48 | 93.9759 | 0.32644 92.02172498 22.48 | 77.0046 | 0.43303 100.0374587
12.65 | 52.8929 | 0.31722 50.34510562 12.65 | 43.3178 | 0.25595 33.26481802
5.621 | 23.5045 | 0.07149 5.040942685 5.621 | 19.2473 | 0.11352 6.557423771

For Inertia 0.07 Kg/mz,

For Inertia 0.1 Kg/mz,
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Tm (Nm) | Vrms(V) | Irms(A) P(W) Tm (Nm) | Vrms(V) | Irms(A) P(W)
68.86 | 179.397 | 1.06272 571.9776205 68.86 | 142.484 | 0.71847 307.09189
50.59 | 131.806 | 0.58991 233.1349515 50.59 | 104.658 | 0.51556 161.8633045
35.13 | 91.5009 | 0.27419 75.27342374 35.13 | 72.6927 | 0.43198 94.03296355
22.48 | 58.5702 | 0.19444 34.13075613 22.48 | 46.5193 | 0.19427 27.14463763
12.65 | 32.9556 | 0.10961 10.82304959 12.65 | 28.3304 | 0.16475 13.98069115
5.621 | 14.6442 | 0.07595 3.299166278 5.621 | 11.6302 | 0.06922 2.429547099

For Inertia 0.13 Kg/mz,

For Inertia 0.15 Kg/mz,

Tm (Nm) | Vrms(V) | Irms(A) P(W) Torque Vrms(V) | Irms(A) P(W)
68.86 | 117.667 | 0.64062 226.0420955 68.86 | 105.282 | 0.61632 194.6755939
50.59 | 86.4098 | 0.43895 113.7764922 50.59 | 77.3582 | 0.24695 57.32122942
35.13 | 60.0123 | 0.29697 53.45639479 35.13 | 53.7125 | 0.31532 50.80682047
22.48 | 38.4034 | 0.21934 25.24648773 22.48 | 34.3729 | 0.19602 20.21242567
12.65 | 21.6099 | 0.12853 8.333871844 12.65 | 19.3396 | 0.10052 5.833866894
5.621 | 9.60262 0.0374 1.072908478 5.621 | 8.59143 0.0486 1.250987994
Parameter: Flux Linkage (A)
For Inertia 0.15 A,
Torque Vrms(V) | Irms(A) | P(W) Torque Vrms(V) | Irms(A) | P(W)
68.86 | 44.7109 | 0.26682 35.75725082 63.86 | 132.799 | 0.63636 253.703386
50.59 | 32.8442 | 0.16565 16.30426272 5059 | 97.5106 | 043251 126.5325719
35.13 | 22.8148 | 0.13564 9.208793625 3513 | 67,7341 | 024005 4878199314
22.48 | 34.3729 | 0.19012 20.21242567 2248 | 433389 | 025994 33.77756685
12.65 | 821666 | 0.04015 1.109615082 12.65 | 24.3885 | 0.14619 10.68348241
>-621 | 3.64943 | 0.01143 0.130756443 5.621 | 10.8405 0.0445 1.503901845
For Flux Linkage 0.05 A
For Flux Linkage 0.25 A For Inertia 0.35 A,
Torque Vrms(V) | Irms(A) P(W) Torque Vrms(V) | Irms(A) | P(W)
68.86 | 216.801 | 1.15966 754.2504665 68.86 | 294.528 | 1.23883 1094.582994
50.59 113.33 | 0.67956 231.0768821 50.59 | 216.378 | 1.26573 821.6257588
35.13 | 110.596 | 0.61219 203.1205759 35.13 | 150.266 | 0.66901 301.6070348
22.48 | 70.7807 | 0.39716 84.34087266 22.48 | 96.1674 | 0.57694 166.4467924
12.65 | 39.8371 | 0.12573 15.1248951 12.65 | 54.1083 | 0.30916 50.27460427
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5.621 | 17.6990 | 0.09491 5.282682822 5.621 | 24.0416 | 0.13943 10.0573929
5
For Flux Linkage 0.45 A For Inertia 0.50 A,
Torque Vrms(V) | Irms(A) | P(W) Torque Vrms(V) | Irms(A) | P(W)
68.86 | 363.951 | 2.18356 2384.136128 68.86 | 395.131 | 1.81561 2151.70067
50.59 | 267.430 | 0.82803 664.3210417 50.59 | 290.348 | 0.98922 861.6606267
35.13 | 185.688 | 1.11370 620.4043994 35.13 | 201.591 | 0.86975 526.0195891
22.48 | 118.795 | 0.37583 133.940569 22.48 | 128.975 | 0.5396 208.3230356
12.65 | 66.8646 | 0.40126 80.48155964 12.65 | 72.6206 | 0.23005 50.12883147
5.621 | 29.7129 | 0.08952 7.979751052 5.621 | 32.2582 | 0.16098 15.56128047
WIND SPEED 4 w=20 h r=0.2 area ™ PM
0.25 0.2 0.1 0.08 1.73
0.3 0.2 0.12 0.1 2.07
0.36 0.2 0.144 0.12 2.49
0.4 0.2 0.16 0.14 2.77
0.45 0.2 0.18 0.16 3.11
0.5 0.2 0.2 0.17 3.46
0.55 0.2 0.22 0.19 3.8
0.6 0.2 0.24 0.21 4.15
0.65 0.2 0.26 0.22 4.5
0.7 0.2 0.28 0.24 4.84
0.75 0.2 0.3 0.26 5.19
0.8 0.2 0.32 0.28 5.53
0.85 0.2 0.34 0.29 5.88
0.9 0.2 0.36 0.31 6.22
1 0.2 0.4 0.35 6.91
WIND SPEED= 3 w=15 h r=0.2 area ™ PM
0.25 0.2 0.1 0.05 0.73
0.3 0.2 0.12 0.06 0.88
0.36 0.2 0.144 0.07 1.05
0.4 0.2 0.16 0.08 1.17
0.45 0.2 0.18 0.09 1.31
0.5 0.2 0.2 0.1 1.46
0.55 0.2 0.22 0.11 1.61
0.6 0.2 0.24 0.12 1.75
0.65 0.2 0.26 0.13 1.9
0.7 0.2 0.28 0.14 2.04
0.75 0.2 0.3 0.15 2.19
0.8 0.2 0.32 0.16 2.33
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WIND SPEED 4

WSPID4 R
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Figure 3.12
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Following is the detailed zoom in 3 parts of Figure 3.12 in the Methodology Chapter
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Following is the detailed zoom in 3 parts of Figure 3.13 in the Methodology Chapter
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Following is the detailed zoom in 2 parts of Figure 3.14 in the Methodology Chapter
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Figure 1.15- Dual Stator PMSG:

Following is the detailed zoom in 3 parts of Figure 3.15 in the Methodology Chapter
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