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ABSTRAK

The generator that normally used in the market, which is the iron-cored electricity
generator has high cogging and starting torques. By redesigning of the iron-cored
electricity generator, Axial-flux Permanent Magnet (AFPM) configuration minimizes the
usage of ferrite material. AFPM, one of the coreless electricity generator configuration
has a less counter electromotive force (CEMF) compare to the cored electricity generator.
AFPM configuration also has no cogging torque and low starting torque. Application of
a coreless electricity generator is the most suitable compare to the cored electricity
generator. However, it is expected that the elimination of the ferrite material within the
coreless electricity generator itself increases the power generation. The configuration is
the ironless electricity generator. This thesis presents the analysis of the AFPM ironless
electricity generator. There are two main testing present in this thesis, open circuit test
and close circuit test. The result of the analysis shows that the rotational speed
proportionally with voltage output for open circuit test. The close circuit test shown
power proportionally with rotational speed.



ABSTRACT

Penjana elektrik yang biasanya digunakan dalam pasaran, yang merupakan penjana
elektrik yang menggunakan teras besi mempunyai cogging dan daya kilas permulaan
yang tinggi. Dengan mereka bentuk semula penjana elektrik yang menggunakan teras
besi, konfigurasi Axial-fluks Magnet kekal (AFPM) mengurangkan penggunaan bahan
logam. AFPM, salah satu konfigurasi penjana elektrik tanpa teras yang mempunyai
counter electromotive force (CEMF) yang kurang berbanding dengan penjana elektrik
menggunakan teras besi. Konfigurasi AFPM juga tidak mempunyai cogging torque dan
daya kilas permulaan yang rendah. Penggunaan penjana elektrik tanpa teras adalah yang
paling sesuai berbanding dengan penjana elektrik dengan teras. Walau bagaimanapun, ia
dijangka bahawa penghapusan bahan logam dalam penjana elektrik tanpa teras sendiri
akan meningkatkan penjanaan kuasa. Konfigurasi adalah penjana elektrik tanpa teras.
Tesis ini akan membentangkan analisis penjana elektrik tanpa teras AFPM. Terdapat dua
ujian utama di dalam tesis ini, ujian secara litar terbuka dan ujian secara litar tertutup.
Hasil analisis menunjukkan bahawa kelajuan putaran berkadaran dengan voltan keluaran
untuk ujian litar terbuka. Kuasa yang dihasilkan berkadaran dengan kelajuan putaran bagi
ujian litar tertutup.
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CHAPTER 1

INTRODUCTION

1.1  Research Background

Magnetic material to be used as a magnetic core due to high magnetic
permeability to guide the magnetic field in electrical, electromechanical and magnetic
devices such as transformers, generators, electric motors and magnetic assemblies.
Ferromagnetic metal such as iron, or ferrimagnetic compounds such as ferrites applied to

make magnetic materials.

Ironcore lamination introduces to overcome solid core issued in a generator and
to maximize the efficiency. Anyhow the ironcore lamination still gives the major
drawback to the generator. Magnetic particles in the core tend to line up with the magnetic
field of the permanent magnets, when the ironcore lamination is exposed to the magnetic
field. The magnetic fields will change the direction when the magnets are rotated. This
induces continuous movement of the ironcore magnetic particles in order for them to
align with the change of magnetic field direction and coincidentally produces molecular
friction. This in turn produces heat and is then distributed to the ironcore lamination and
windings. Heat causes and increase in winding resistance and at the same time retains

electromagnetism in the windings and ironcore laminations.

‘Cog’ also known as an attraction force between permanent magnets and ironcore
lamination in a generator. The cog will reduce the inefficiency of the generator. The cog
exist when the heat generated by rotation. The increasing of rotation, the more power is
generated from generator, but the more power is required to maintain the rotation (Zhang
etal., 2013; Ting & Yeh, 2014).



A lot of experiment and improvement have been done to reduce the cog and to
increase the efficiency of generator (Kurt, Gér & Demirtas, 2014). Most of researcher
focusing to minimize the cogging effect and optimization on ironcore, but this problem
still cannot avoid (Gor & Kurt, 2016). An effort made to remove iron core material from
an electric motor was demonstrated with great success more than a decade ago. The
success story of this ironless motor has been widely shared by both the researchers and
players in the industries. The idea behind this achievement is removing the iron core
lamination and replacing it with non-ferrous material. The ironless motor works
flawlessly and one of the major advantages comes from its outstanding positional

accuracy and repeatability due to no cogging affecting the positioning.

A similar idea may be applied to demonstrate coreless generator design. Effort
made on this subject, however, is still lacking (Mahmoudi et al., 2013; Virtic & Avsec,
2011). The idea of removing ironcore lamination material may cause non-concentrated
flux and lead to deterioration in output power efficiency (Ahmed & Ahmad, 2013).
However, there is a method which may be used to concentrate and focus magnetic flux
to create denser magnetic field. An additional permanent magnet arrangement added to
the generator may be a solution to address this issue. The absence of ironcore lamination
in the system also represents cog-free rotation. This provides advantage in terms of very

low starting torque and less counter electromotive force is produced.
1.2  Research Objectives
The present study sought to achieve the following objectives:
e To analyse output wave characteristic of the generator.

e To analyse no load and load speed performance of the generator.



1.3 Research Scope
The scope of the present research was limited to the following parameters:
e A generator producing 416V ms at rotational speed of ~1800 RPM.
e Re-fabrication of axial flux permanent magnet generator (rotor & stator).

e Maximum voltage 160V for closed circuit test.



CHAPTER 2

LITERATURE REVIEW

2.1  Electricity Generation

Electricity generation is the operation of generating electric power from other
sources of elemental energy. For electric utilities, it is the first process in the legal transfer
of electricity to consumers. The other processes, electricity transmission, distribution, and
electrical power storage and recovery using pumped-storage methods are usually taken
out by the electric power industry. Electricity is most often brought forth at a power
station by electromechanical generators, mainly driven by heat engines fuelled by
burning or nuclear fission, but also by other means such as the kinetic energy of running
water and wind. Other energy sources include solar photovoltaics and geothermal power.

Figure 2.1 Electricity Transportation.

The underlying rules of electricity generation were exposed during the
1820s and early 1830s by the British scientist Michael Faraday. This method is even
practiced today: electricity is brought forth by the motion of a loop of wire, or a disc of

copper between the poles of a magnet.
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Figure 2.1 Electricity Transportation

2.1.1 Magnetic Field

A magnetic field is the magnetic effect of electric currents and magnetic materials.
A magnetic field can be represented by lines of force, which is a concept connected to
Faraday’s law. The strength of the magnetic field can be visualized by observing the
density of these lines. Figure 2.2 shows the comparison of the density of lines between
weaker and stronger magnetic fields. The magnetic field is stronger if the magnetic
strength of the magnet is stronger.
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Figure 2.2 Figure shows the differences in line density in weaker and stronger
magnetic fields

Another familiar source of magnetic fields is the current-carrying wire. In Figure
2.3, show the magnetic field associated with an infinitely long current-carrying wire. The
magnetic field is wrapped in circles about the wire, with the direction of the rotation of
the circles determined by the right hand rule (if the thumb of your right hand is in the

direction of the current, your fingers will curl in the direction of the magnetic field).

=

Figure 2.3 Magnetic field lines due to an infinite wire carrying current |.



2.1.2 Concept Regarding Magnetic Field Cutting

Based on Fleming’s right-hand rule, when a wire moves through a magnetic field
at a velocity, a certain amount of voltage can be generated. The generated voltage is
opposite with the current generated based on Fleming’s left-hand rule. Figure 2.4 shows
the usage of Fleming’s left-hand rule on the magnetic field where F is the force acting on
the wire, B is the flux density and I is the current produced while Figure 2.5 shows the
usage of Fleming’s right-hand rule on the magnetic field where e is the generated voltage
or also called counter electromotive force, B is the magnetic flux while v is the velocity

of wire.
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Figure 2.4 Fleming’s left-hand rule on magnetic field



Figure 2.5 Fleming’s right-hand rule on magnetic field

Since the generated voltage function is to reduce the current, it is also called the
counter electromotive force. The velocity, v, can be expressed as in Eg. 2.1. The counter
electromotive force that has been generated in the wire is expressed in Eq. 2.2.:

V=aR 21)

e =BLRw (2.2)

Where v is the velocity of the wire, o is the rotating speed of rotor in radian per
second, and R is the turning radius in metre. From equation 2.2, the counter electromotive

force is proportional to the rotating speed .



2.2 Ironcore Electricity Generator
2.2.1 Element and Working Principle

An electricity generator consists of a wire loop that can be rotated in a stationary
magnetic field and thus, induced emf is produced in the loop. The induced emf will be
picked up or used by the sliding contact or brushes by connecting the loop to an external

circuit.

The pole pieces provide the magnetic field to the wire loop. The loop that rotates
through the field is called armature. The two ends of armature loop are connected to slip
rings which rotate along the armature. The brushes ride against the ring and the generated

voltage will appear across the brushes.

The armature loop rotates in clockwise direction. The starting point is shown as
position A in Figure 2.6. The armature loop is perpendicular to the magnetic field at this
point. The black and white conductors are moving to become parallel with the field. In
this instance, it does not cut any lines of the flux in the magnetic field and thus, no emf
is induced in the conductors. This position is called neutral plane. As armature loop
rotates from position A to position B, the conductors cut through more flux until they
reach position B, which is the maximum of the flux cutting. The emf at position B is
maximum. When the armature loop rotates from position B to position C, the number of
flux cutting decreases until it reaches the position C, where there are no flux cuttings
because it is parallel with the magnetic field again. This process repeats from position A
to position B, followed by position C and the position D and finally back to the original

point which is position A.
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Figure 2.6 Illustration shows the various position of armature as well as generator

terminal voltage in various position of armature

Spinning a wire loop within a uniform magnetic field induces a voltage between
the loop terminals. If the loop terminals are connected with an electrical load, a current
will be produced in the circuit. The current generated by a basic electrical generator is
alternating current. If the generator is intended to supply direct current, it must have a
collector, which is a device working as a mechanical rectifier (Portela, Sepllveda, &
Esteves, 2008).
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2.2.2 Attraction between Ironcore Lamination and Permanent Magnets

The iron core as well as the permanent magnets used in the iron core generator
carries important roles in making the iron core electricity generator functional. Because
of the attraction between the iron core lamination and the permanent magnets, it makes
the iron core electricity generator become less efficient. Based on the design of the iron
core electricity generator, the cogging effect is always present within the generator itself.
It is because the force between the permanent magnets and the iron core lamination stack
of the iron core electricity generator causes not only the attraction force between
themselves, but also a force in the direction of motion as well. This type of force depends
on the relative position of the laminated teeth with regards to the magnetic poles for the

iron core electricity generator (Stampfi, 2003).

2.2.3 Cogging Torque in An Ironcore Generator

The cogging torque may also be referred to as reluctance torque due to the
reluctance variation that exists in the tooth and slot of the magnet current source
(Mosincat, Lu & Pedersen, 2011). Cogging torque as high as 25% of the rated torque can

result due to the improper design of the machines (Krishnan, 2009).

Choosing the right angle of clearance at the both ends will help to reduce the
cogging effects within the iron core generator. Nevertheless, ironless configuration will
be the right solution for high smoothness of motion. This is because the ironless
configuration has no cogging effect since it has no iron moving parts at all (Stampfi,
2003). Other techniques such as varying the magnet strength used on the generator,
varying the magnet arc length, the slot width, and the radial shoe depth as well as using
fractional slots per pole, can be used to minimize the cogging torque of the generator
(Krishnan, 2009; Bianchi & Bolognani, 2002). Almost all techniques that are used to
reduce the cogging torque also reduce the counter-electromotive force and thus, reduce
the resultant running torque (Mosincat, Lu & Pedersen, 2011).

11



2.3 Ironless Coreless Generator

The iron cored generator is a type of the generator that widely used in the
marketplace. The usage of ferrite material on the iron-cored generator makes the
generator itself become less efficient because of its high starting and cogging torques.
The coreless electricity generator, the redesigning of the iron-cored generator by
minimizing the usage of ferrite material on the generator itself, is seen as a promising
solution to capture energy during in motion. Compare to the iron-cored electricity
generator, coreless electricity generator had much lower cogging torque because of the

elimination of the most ferrite material within the generator itself.

However, compare to the ironless electricity generator, it has much lower starting
torque, higher efficiency and can produce a considerable amount of electricity based on
the size of the generator itself. This type of generator has no cogging effect and low
CEMF resistance during the operation to produce the electricity. It is because the
generator itself does not have the iron core lamination that can be found in the iron-cored
and coreless electricity generator. The iron-cored used in the cored system causes
magnetic field between the iron-cored and the permanent magnet to resist the motion and
thus, increase the starting torque and cause unnecessary loss of the electricity generated.
The ironless electricity generator, the design that eliminate the usage of ferrite on the
generator can further decrease the starting torque and unnecessary losses. From there, the
ironless electricity generator is a promising solution to overcome issues faced by the iron-

cored generator.

12



2.3.1 Axial Flux Permanent Magnet

Axial permanent-magnet (AFPM) machines are being developed for many
applications due to their attractive features. They are usually more efficient because the
losses of field excitation are eliminated, resulting in significant rotor loss reduction.
AFPM machines with coreless stators are regarded as high-efficiency machines for
distributed power generation systems. In these machines, the core losses of stators are
eliminated. In addition, the ironless stator eliminates the direct magnetic attraction
between rotors and stators. These machines have long diameters compared to short

lengths and hence the capability of producing high torques.

The disk-shape profile of a generator makes it compact and particularly suitable
for mechanical integration with wind turbines. Despite the absence of stator iron, rare-
earth magnets on the rotors are able to create a working flux density of about 0.3 T at the

winding.

The advantage of implementing a disk permanent-magnet synchronous generator
in a wind turbine is to eliminate gearbox, which is necessary for conventional generators.
Due to centrifugal forces tending to move magnets from its places, the use of AFPM
machines is generally limited to low-speed applications (for example in direct coupled

wind turbine).

13
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Figure 2.7 Differences between Radial Flux Permanent Magnet Generator and
Axial Flux Permanent Magnet Generator

2.3.2 Structure of Axial Flux Permanent Magnet

Axial flux permanent magnet consist two outer rotor disks and one coreless stator
in between. The rectangular flat-shaped high-energy Nd—Fe—B magnets are glued onto
inner surfaces of two rotor disks. It also can be designed fit into slot on the rotor and
cover by plate or without plate. It prefer to cover by plate to avoid the magnet pull out
from stator. The rotor poles with an opposite arrangement (N-S type) are shown in Figure
2.8.

14



Figure 2.8 The arrangement magnets on the rotor (N-S type)

The arrangement of the copper winding (see Figure 2.9) should be designed well
so that maximum magnetic flux cutting can be done which maximizes the efficiency of
the generator itself. For the coreless electricity generator, coils of wire are used instead
of multiple interconnected wires where the magnet rotates over them to produce the
electricity. For instance, when the north pole of a magnet passes through a coil, the current
flows in one direction, and when the south pole passes over the coil, current flows through
in the opposite direction. The most electricity is generated while the magnetic field is at
90 degrees to the coil winding and no electricity is generated when the magnetic field is
parallel to the coil.

15
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Figure 2.9 Example of coil winding of one phase in a 12-pole pair AFPM machine
with single —layer trapezoidal windings.

2.3.3 Types of magnet in Ironless Coreless Generator

Magnets are objects that generate a magnetic discipline, a force field that either
attracts or repels certain materials, such as nickel and iron. Permanent magnets are
magnets retain their magnetism once magnetized. On that point are typically four
categories of permanent magnets: neodymium iron boron (NdFeB), samarium cobalt

(SmCao), alnico, and ceramic or ferrite magnets.

The process of choosing magnet quit critical since the magnet meets the important
function to ensure generator efficiency is to comprehend. Later all the factors studied, the
best magnet to be used are Neodymium Iron Boron (NdFeB) magnet. The Neodymium
Iron Boron (NdFeB) magnet, provide the greatest opportunity to the automotive sector
since the continuous advance in the new high magnetic field rare-earth permanent
magnets (Mo et al., 2008). The primary ingredient in manufacturing is how to decrease
the monetary value, the Neodymium Iron Boron (NdFeB) magnet easily available in the
market and cost efficiencies make rapid permanent magnet generator development (Chan
& Lai, 2007). This modern magnetic material can easily be obtained in the securities

industry with different patterns and forms, thus the purpose of the usage of these magnets

16



can be managed well. It can supply power even during electrical network failure as an

upshot of the built-in permanent self-excitation (Drazikowski & Wtodzimierz, 2011).

For large-pole number, the diameter of the magnets and coils are fixed and limit
the radial length of the active area, which makes the generator have large radius but small
active length. Equally for the small-pole number, low-power turbines tend to spin
relatively fast, but as power increases and a diminution in speed is required, the number
of poles should increase, which can produce the radial length of the active area become
small compared to the radius of the stator. This kind of problem can be reduced by using
trapezoidal or rectangular magnets whereby this helps the pole pitch and active length

can be decoupled from each other (Bumby & Martin, 2005).

2.3.4 Caoll Design for the Ironless Coreless Generator

To maximize the efficiency of the generator, copper winding arrangements should
be designed well so that maximum magnetic flux cutting can be done. Coils of wire
applied instead of multiple interconnected wires for the coreless electricity generator,
where the magnet rotates over them to generate the electricity. For instance, when the
north pole of a magnet passes through a coil, the current flows in one direction, and when
the south pole passes over the coil, current flows through in the opposite direction.
Basically, while magnetic field at 90 degrees to the coil winding the electricity is

generated and when the magnetic field is parallel to the coil no electricity is generated.

The magnet at the north pole pushes upward on the left radial leg of the coil and
at the same time, the magnet at the south pole is pushing downward on the right radial
leg. These two clockwise motions cause the electricity being generated. Notice that if
both radial legs are pushing in the same direction, for example, the left and right radial
leg are pushing upward together at the same time, the motion cancels out each other and
thus, no electricity is generated. That is the reason which shows that it is essential to

arrange the magnet poles alternatively so that the motion will not cancel out each other.

17



The size of the copper winding is also an important criterion for the efficiency of
coreless electricity generator. Figure 2.10 shows the coil dimension for the axial-flux
permanent magnet generator where c represents the thickness of the coil and d(r) is the
diameter of the coil.

Figure 2.10  Colil dimension for the axial-flux permanent magnet generator

The pole pitch and diameter of coil can be calculated via Eq. 2.3 and Eq. 2.4
respectively where t is pole pitch, r is radius, k is the number of coils per phase, n is the
rotor rotation speed in rpm, | is the length of conducting wire, z is the number of turns, ¢
is the coil thickness, d is the coil diameter as shown in Figure 2.10, while x is the actual
position in mm and E is the electromotive force. In order to make pole pitch equal to
diameter of coil, the thickness of the coil cannot be increased more than 33% of pole
pitch because of geometrical relation. In other words, the distance between the coils must
be equal to 133% of the pole pitch (Drazikowski & Wtodzimierz, 2011). Figure 2.11
shows the approximated power of the generator via the different relative thickness of coil

(c/t) in Drazikowski and Wtodzimierz’s (2011) research.
7 =2rsin(7.5) (2.3)

1 1
X+—

27rn (2.4)
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Figure 2.11  Approximated power of the generator via the different relative thickness
of coil (c¢/t)

2.3.5 Gap Distance between Magnets

Some other criteria need to take care is the gap distance between magnets of the
coreless generator. The efficiency of the generator not the optimum level if the gaps
between magnets too far. However, if the gaps between the magnets are too close to each
other, there will be no room or space left to place the stator (copper coil winding) between

them.

The optimum air-gap size is calculated using Eq. 2.6, where Bm represents
maximum flux density in the air-gap, g represents the thickness of magnet, 10 represents
air permeability that can be calculated using Eq. 2.5, Br is for remanence, Hc is for
coercivity of magnet, o represents air-gap length, H is for external magnetic field strength

and m represents magnetic moment (Drazikowski & Wtodzimierz, 2011).
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sy = 47107 2 (2:5)
m
Zg:uOBrHc (26)

" " B.5+2guH.

The graph power of the generator versus air gap distance shown the optimum air
gap size is around 35mm (see Figure 2.12). However the air gap distance between 33mm
to 38mm shown approximately same output power. For manufacture easy to control the

tolerance around 5mm (Drazikowski and Wtodzimierz’s (2011)).

Approximated power of the generator
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Figure 2.12  Approximated power of the generator varies on air-gap distance
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2.3.6  Number of Poles and Coils for the Ironless Coreless Generator

There are a few sets of rules for the pole and slot combinations that make non-

overlap windings valid as suggested by Gieras, Wang and Kamper (2008). The rules are:
e The number of poles must be even;

e The number of slots must be a multiple of the number of phases and must

be even in the case of single layer windings;

e The number of coils and slots are equal in double layer windings; in single

layer windings the number of coils is equal to half the number of slots;
e The number of coils in a coil group must be an integer;

e The number of slots cannot be equal to the number of poles.

To verify the number of poles, Eq. 2.7 is used to perform such function, as N
represents rotational speeds of the rotors in RPM, f represents frequency of the rotors and

p represents number of poles on each rotor (Rizzoni, 2007).

y  120f 2.7)
P

21



2.4 Electrical Waveform
2.4.1 Waveform Characteristic

Electrical Waveforms are basically visual representations of the variation of a
voltage or current over time. There are many different types of electrical waveforms

available but generally they can all be broken down into two distinctive groups;
a) Uni-directional Waveforms

These electrical waveforms are always positive or negative in nature flowing in
one forward direction only as they do not cross the zero axis point. Common uni-
directional waveforms include Square-wave timing signals, Clock pulses and Trigger

pulses.
b) Bi-directional Waveforms

These electrical waveforms are also called alternating waveforms as they alternate
from a positive direction to a negative direction constantly crossing the zero axis point.
Bi-directional waveforms go through periodic changes in amplitude, with the most

common by far being the Sine-wave.

Whether the waveform is uni-directional, bi-directional, periodic, non-periodic,
symmetrical, non-symmetrical, simple or complex, all electrical waveforms include the

following three common characteristics:
a) Period

This is the length of time in seconds that the waveform takes to repeat itself from
start to finish. This value can also be called the Periodic Time, (T) of the waveform for

sine waves, or the Pulse Width for square waves.
b) Frequency

This is the number of times the waveform repeats itself within a one second time
period. Frequency is the reciprocal of the time period, (f = 1/T) with the standard unit of
frequency being the Hertz, (Hz).
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c) Amplitude

This is the magnitude or intensity of the signal waveform measured in volts or

amps.

2.4.2 Periodic Waveforms

Periodic waveforms are the most common of all the electrical waveforms as it
includes Sine Waves. The AC (Alternating Current) mains waveform in your home is a
sine wave and one which constantly alternates between a maximum value and a minimum

value over time.

The amount of time it takes between each individual repetition or cycle of a
sinusoidal waveform is known as its “periodic time” or simply the Period of the

waveform. In other words, the time it takes for the waveform to repeat itself.

Then this period can vary with each waveform from fractions of a second to
thousands of seconds as it depends upon the frequency of the waveform. For example, a
sinusoidal waveform which takes one second to complete its cycle will have a periodic
time of one second. Likewise a sine wave which takes five seconds to complete will have

a periodic time of five seconds and so on.

So, if the length of time it takes for the waveform to complete one full pattern or
cycle before it repeats itself is known as the “period of the wave” and is measured in
seconds, we can then express the waveform as a period number per second denoted by
the letter T.
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Figure 2.13 A sine wave waveform

For sine wave waveforms only, the periodic time of the waveform in either
degrees or radians, as one full cycle is equal to 360° ( T = 360° ) or in Radians as 2pi, 2n

( T=2n), then 2x radians = 360°.

The time it takes for electrical waveforms to repeat themselves is known as the
periodic time or period which represents a fixed amount of time. If take the reciprocal of
the period, ( 1/T ) end up with a value that denotes the number of times a period or cycle
repeats itself in one second or cycles per second, and this is commonly known as
Frequency with units of Hertz, (Hz). Then Hertz can also be defined as “cycles per

second” (cps) and 1Hz is exactly equal to 1 cycle per second.

Both period and frequency are mathematical reciprocals of each other and as the
periodic time of the waveform decreases, its frequency increases and vice versa with the

relationship between Periodic time and Frequency given as.
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2.4.3 Ripple on Electrical Waveform

The most common meaning of ripple in electrical science is the small unwanted
residual periodic variation of the direct current (DC) output of a power supply which has
been derived from an alternating current (AC) source. This ripple is due to incomplete

suppression of the alternating waveform within the power supply.

Ripple factor (y) may be defined as the ratio of the root mean square (rms) value
of the ripple voltage to the absolute value of the DC component of the output voltage,
usually expressed as a percentage. However, ripple voltage is also commonly expressed
as the peak-to-peak value. This is largely because peak-to-peak is both easier to measure
on an oscilloscope and is simpler to calculate theoretically. Filter circuits intended for the
reduction of ripple are usually called smoothing circuits.

The simplest scenario in AC to DC conversion is a rectifier without any
smoothing circuitry at all. The ripple voltage is very large in this situation; the peak-to-
peak ripple voltage is equal to the peak AC voltage. A more common arrangement is to
allow the rectifier to work into a large smoothing capacitor which acts as a reservoir.
After a peak in output voltage the capacitor (C) supplies the current to the load (R) and
continues to do so until the capacitor voltage has fallen to the value of the now rising next
half-cycle of rectified voltage. At that point the rectifiers turn on again and deliver current
to the reservoir until peak voltage is again reached. If the time constant, CR, is large in
comparison to the period of the AC waveform, then a reasonably accurate approximation

can be made by assuming that the capacitor voltage falls linearly.

A further useful assumption can be made if the ripple is small compared to the
DC voltage. In this case the phase angle through which the rectifiers conduct will be small
and it can be assumed that the capacitor is discharging all the way from one peak to the

next with little loss of accuracy.
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Another approach to reducing ripple is to use a series choke. A choke has a
filtering action and consequently produces a smoother waveform with less high-order
harmonics. Against this, the DC output is close to the average input voltage as opposed
to the higher voltage with the reservoir capacitor which is close to the peak input voltage.

Ripple is undesirable in many electronic applications for a variety of reasons:

e The ripple frequency and its harmonics are within the audio band and will
therefore be audible on equipment such as radio receivers, equipment for
playing recordings and professional studio equipment.

e The ripple frequency is within television video bandwidth. Analogue TV
receivers will exhibit a pattern of moving wavy lines if too much ripple is

present.

e The presence of ripple can reduce the resolution of electronic test and
measurement instruments. On an oscilloscope it will manifest itself as a

visible pattern on screen.

e Within digital circuits, it reduces the threshold, as does any form of supply
rail noise, at which logic circuits give incorrect outputs and data is

corrupted.

e High-amplitude ripple currents shorten the life of electrolytic capacitors
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CHAPTER 3

METHODOLOGY

3.1 Introduction

The development works were divided into two stages, namely, the development
works for the ironless electricity generator and the development works on the test bed to
test the ironless electricity generator. Most of the fabrication works used CNC machine
to produce the real model of the ironless coreless electricity generator. All the parts were
assembled using mechanical screw and bolt after all the parts were ready for assembly.

Figure 3.1 shown the flow chart for Ironless Coreless Generator.
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Figure 3.1 Flow chart for Ironless Coreless Generator
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3.2  Fabrication Rotor and Stator for the Ironless Coreless Electricity

Generator

The fabrication for replacement the rotor and stator using CNC Milling Machine.
In the Catia V5R21 software, the machining sequence, tool used and cutting parameter

were set accordingly.

CAD (Computer Aided Design) file retrieved from software Solidworks has been
convert to .stp or .igs to ensure Catia V5R21 Software able to read this drawing. After
Catia VV5R21 software read the drawing, the machining using CAM (Computer Aided
Machining) has been perform. Roughing, profile contouring, drilling, spiral, z level
function used to do a machining process. The cutting parameter like spindle speed,
feedrate for machining, feedrate for approach and retract, depth of cut, stepover, cutting
tool used, approach and retract were set accordingly. Simulation on Catia V5R21
software to verify no collision on part happen. After simulation is done, NC (Numerical

Control) code is generate to unable CNC Machine read the code.

The machining material, plastic, was then accurately clamped on the machining
bed of the CNC machine, followed by the zero position setting for the machining parts.
When all was ready, the machining process began. The coolant must be ensured to have
been sprayed on the tip of the cutting tools. This was necessary to make sure that the
cutting tools were cold and prevented the tools from overheating. If the cutting tools
became overheated, they could become spoiled and cause the machining process to fail.

Figure 3.2 illustrate the process flow for machining process.

After the machining process and the finishing process were done, the completed
machining parts were taken out and the trimming process began. To cut the machining
parts out from the big plastic plate, handsaw was used. Later, the parts that were cut from
the big plastic plate proceeded to the finishing trimming. Because parts were made on

plastic, the excessive parts could use the plastic cutter for trimming. Figure 3.3, Figure
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3.4 and Figure 3.5 illustrate the CNC Milling Machine used for fabrication, fabricated

rotor and fabricated stator, respectively.
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Process flow for machining process

30



Figure 3.3 Fabrication using CNC Milling Machine

Figure 3.4 Fabrication Stator
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Figure 3.5 Fabrication Rotor

3.3  Assembly Magnet to Rotor

Magnets were the vital parts for this research. Without the magnets, no electricity
could be generated in this research. The shipment of magnets came in bulk. To assemble
the magnets into the rotor, the first step was to disassemble the magnet bulk into single
quantities. Since the Neodymium magnet was so strong that could not be removed by
using bare hand. The special jig used to perform such task used shear force to separate

single unit of Neodymium magnet from the bulk.

After disassembling the magnets from the bulk into single quantities, the magnets
were then pushed into the rotor by using mallet. The assembly process was carried out
pole by pole. For example, the north pole was firstly assembles on stator and after all was
done on the north pole, the assembly for the south pole was then carried out. By using a
compass, the poles for the magnet could be easily identified. Figure 3.6 indicates the

magnet assembly process into the rotor.

32



Figure 3.6 Magnet assembled into rotor

3.4  Assembly Ironless Coreless Generator

After all the parts of ironless coreless electricity generator were assembled, next
was the assembly process for the generator. Firstly, the shaft support was pressed into the
rotor. A few units of screw were placed without tightening them to ensure the position
for shaft support and rotor would be aligned. After that, stator was placed between the

rotors and the shaft support was pressed into the second rotor.

For the support plate, the bearing was pushed into the designated space on the
side support plate and at the bottom so that both of the support plates were locked with
top bottom support plate. Then, the shaft was connected through the support plate, the
rotor and the shaft support. After the stator was aligned in the middle, the top plate was
screwed to keep it locked. Figure 3.7 illustrates the sequence process to assemble the

finished prototype of the ironless coreless electricity generator.
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Figure 3.7 Sequence process for assemble prototype ironless coreless generator

After done assemble the ironless coreless generator, the next step is to assemble
this generator to test bed. The test bed consisted of the bottom plate which had adjustable
height mounting to cause the motor to spin the ironless coreless electricity generator. The
motor mounting height had to be adjustable because with this function, the motor or prime
mover could be aligned horizontally and accurately with less worry of having to redo the
machining on the test bed required. After the alignment of the motor or prime mover was
done, the bolt and nuts on the four corners of each screw were tightened to ensure the
stiffness of the motor support.

The ironless coreless electricity generator was placed on the other side of
mounting placement. The ironless coreless electricity generator was able to move
horizontally before it was tightened in its place. This was to ensure that the connection in
the motor or prime mover was secured in its place. After the shaft was horizontally
aligned with the motor, a specially made connector was used to tighten the shaft
connection between the motor and the ironless coreless electricity generator. Figure 3.8
shows the completed assembly of test bed with motor and ironless coreless electricity

generator.
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Figure 3.8 Completed assembly of test bed with motor and ironless coreless
electricity generator.

3.5  Open Circuit Test on Ironless Coreless Electricity Generator

In the open circuit test for the ironless coreless electricity generator, a
2—horsepower three-phase induction motor was used to function as the prime mover to
rotate the rotor of the generator. This induction motor had a rating no-load rotational
speed of 1400RPM, input voltage of 220V to 240V for delta connection, input voltage of
380V to 415V for star connection, rating current of 5.64A to 6.15A for delta connection
and rating current of 3.26A to 3.56A for star connection with efficiency of 75.5% if the
load usage was below half of the motor but 78.5% if the load usage was above three

quarters of the motor. Figure 3.9 shows the three phase induction motor.
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Figure 3.9 Three phase induction motor

Since the motor was using alternating current supply to power up, the inverter
was used to convert the direct current supply into alternating current supply so that the
motor was able to operate. The inverter had an efficiency of 96% when working within
the rated load. Wires were used to connect the power source to the inverter. They were
also used to connect the inverter to the motor. To measure the wave frequency and the
voltage output of the three-phase circuit of the ironless coreless electricity generator, the
oscilloscope was used. The oscilloscope was connected to the end of the three-phase
circuit by using wires. The tachometer was used to measure the rotational speed of the
rotors of the generator. Figure 3.10 illustrates the tachometer used to measure the
rotational speed of the rotor. Figure 3.11 shows the inverter used in the open circuit test.

Figure 3.12 shows oscilloscope to measure wave frequency and the voltage output.
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Figure 3.10  Tachometer used to measure the rotational speed of the rotor.
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Figure 3.11 Inverter used to convert direct current to alternating current
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Figure 3.12  Oscilloscope to measure wave frequency and the voltage output

The three-phase induction motor was connected using star connection as it could
support higher voltage. The inverter was connected to power supply and the motor after
the ironless coreless electricity generator and the motor were in place. The three-phase
circuit of the ironless coreless electricity generator was then connected to the
oscilloscope. When all the mechanical assembly and electrical assembly were done, the
experiment began. After the power supply was switched on, a specified amount of power
transferred to the motor was set by the inverter. The input power of the motor was
controlled by the inverter using frequency input in the inverter. Once the setting was done
and the rotational speed of the rotor was stabilized, the rotational speed of the rotor was
observed using tachometer and recorded. To clearly obtain the graphical output
wavelength from the oscilloscope, the x-axis was set to 10 milliseconds per column and
y-axis was set to 20V or 50V per row, depending on the output voltage of the experiment.
When the rotors were rotating, wave frequency and the output voltage were produced
(see Figure 3.13). When everything was observed to have been completed, screenshots
of the oscilloscope were taken and the data were transferred into the computer for data

extraction process.
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3.6  Closed Circuit Test on Ironless Coreless Electricity Generator

After the open circuit test was done, the closed circuit test or loaded test was
performed to test the ironless coreless electricity generator. The reason to perform the
closed circuit test was to experiment the capabilities of the fabricated ironless coreless
electricity generator under loaded conditions. In the closed circuit test, the generator was
connected to the rectifier which enabled the three-phase output to be converted into direct
current. After being connected to the rectifier, the rectifier was then connected to the DC
electronic load unit in which the resistive load used to test the ironless coreless electricity
generator was controlled. The output voltage, as well as the output power from the
ironless coreless electricity generator, were able to be monitored by using this DC
electronic load unit. Other than that, the oscilloscope was used to measure the input
current for the motor. Various rotational speed constant resistive load tests were carried

out to examine the capability of the fabricated ironless coreless electricity generator.

In the closed circuit test on the ironless coreless generator, the same motor was
used in the open circuit test. The DC electronic load was used to supply load to the
ironless coreless electricity generator. In the closed circuit test, the rectifier was used to
convert the alternating current generated by the ironless coreless electricity generator into
the direct current. This was because the DC electronic load unit was only able to connect
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by using direct current connection. Figure 3.14 shows the display of the DC electronic
load used to test the ironless coreless electricity generator in the closed circuit

experiment. Figure 3.15 shows the rectifier used in the closed circuit test.

Figure 3.14  DC electronic load used in the close circuit test

Figure 3.15  Rectifier used in the closed circuit test

The oscilloscope was used to verify the waveform profiles and the voltage was
generated by the ironless coreless electricity generator passing through the rectifier.
When the experiment began, the tachometer was used to measure the rotational speed of

the rotors of the ironless coreless electricity generator.

40



When the setup was completed, the closed circuit test was performed on the
ironless coreless electricity generator. After the power source was switched on, the
frequency input was set on the inverter and the inverter was turned on. The motor and the
rotors of the ironless coreless electricity generator started to spin. The load value was
then set at the DC electronic load unit. For the various rotational speed constant load tests,
the load value was set to 100 ohms. After that, the rotational speed settings of the rotors
were measured using the tachometer and recorded accordingly. Screenshots of the
waveform of the output voltage were also taken using the oscilloscope and transferred
into the computer for further analysis. The reading of the voltage produced by the ironless
coreless electricity generator, the current produced by the ironless coreless electricity
generator as well as the power produced by the ironless coreless electricity generator
from the DC electronic load unit were also recorded for data processing. The power input
for the inverter was also measured using the current probe and voltage probe and the
results were obtained by reading the output from the oscilloscope. The procedures were
repeated by using various frequency inputs in the inverter as they altered the rotational
speed settings of the rotors of the ironless coreless electricity generator.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Fabrication and Assembly Issue

There are a few problems during fabrication and assembly. Every issue describe

in detail at every section.

4.1.1 Part Warping

The part is warped due to the material itself. Compare to iron material more
toughness and not easily warping like this type of plastic material. It's more obvious on
the stator (see Figure 4.1) because the thickness on stator only 12mm. The future
researcher should sourcing another types of plastic which more toughness and not easily

warping.
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Figure 4.1 Part warping and Collision on stator of Ironless Coreless Generator

4.1.2 Collision

The collision on stator (see Figure 4.1) due to two condition. The first condition
the depth of cut during machining is 1.0 mm. During the depth of cut 1.0 mm obviously
can see the chip of material not cut itself (continuous chip) due to soft material. After that

the depth of cut reduce to 0.5 mm to ensure the chip cut itself.

The second condition the feedrate is set 1000mm/min and contribute most factor
of collision. After that the feedrate reduce to 400 mm/min. The facemill cutter diameter

50 mm used to face the surface of stator.

The factors of depth of cut, feedrate and diameter of cutter should consider well

to ensure no collision happen but at the same time optimization of the cycle time.
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4.1.3 Assembly coil on stator

Total 12 coils consist on stator and assembly manually one by one for every coil.
The coil fixed on stator only using the tape and sponge. After assembly coil on stator
done, look like the certain area thicker and can caused the rotor rubbing during spinning.
It’s suggested to redesign the stator, instead of only using the tape and sponge. Figure 4.2

shown, all 12 pieces of Coil assembly to Stator

Figure 4.2 The all 12 pieces of Coil assembly to Stator

4.1.4 Rubbing and Wobbling

The wobbling issue found after generator completely assembly. When tried to
manually spin the shaft, the rotor obviously wobbling and rubbing the stator (see Figure
4.3). Then the generator dismantle and add the washer as improvement to solve the
rubbing issue but the wobbling issue still not solved. After washer added (the total
thickness of washer is around 6mm), generator then assembled again and manually spin

and resulted the rotor no more rubbing on stator.

However, the increasing of air gap (previously the air gap is 20mm and after
added washer the air gap become 26mm) will affect the efficiency of the ironless coreless

generator.
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Figure 4.3 Wobbling and Rubbing when rotating the shaft

Add Washer

Figure 4.4 The washer was added to solve the rubbing issue.
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Since the wobbling issue still not solved, it’s suggested to fabricate the special jig
to check the balancing of the rotor. The same concept like car tire balancing maybe can
be apply to fabricate the jig (see Figure 4.5). It more obvious after assemble the magnet
to the rotor, the dimension of magnet of contribute the alignment of the rotor.

Figure 4.5 The concept of car tire balancing machine can be applied to fabricate the
Jig
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42 RESULTS AND DISCUSSION OF OPEN CIRCUIT TEST

In the open circuit test, there were fifteen experiments carried out with various
rotational speed settings. Figure 4.6 show the results of experiment screenshots from the
oscilloscope while. Figure xx show three colors, namely, yellow, turquoise and purple,
to indicate different waveforms in the graph. Each color represented the output for U-
phase voltage output, VV-phase voltage output and W-phase voltage output, respectively.

The x-axis represented times while the y-axis represented output voltage.

The results showed the three-phase voltage output for all five experiments
in the open circuit test was pure sinusoidal wave. Normally, the experimental results for
other generators would not show such outcome without having done the augmentation on
the output of the electricity generator. This was the selling point of this ironless coreless
electricity generator because without adding extra equipment to produce or modify the
output became pure sinusoidal wave, the losses in the system would be minimal. The
statement regarding to the losses was supported by the findings of Tamura’s research on

calculation method of losses and efficiency of wind generators (Tamura, 2012)
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NO LOAD |ROTATIONAL SPEED WAVE OUTPUT

TEST (RPM) FREQUENCY (Hz) | VOLTAGE (V,...)
1 166 22.81 39.4
2 195 27.11 47.2
3 262 35.16 61.3
4 294 39.62 69.1
5 398 53.19 92.7
6 427 58.21 101
7 465 62.81 109
8 493 66.62 116
9 528 69.64 121
10 560 75.64 131
11 690 92.42 159
12 740 100.9 163
13 1500 210.1 356
14 1671 228.8 403
15 1762 238.7 416

Table 4.1
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Table 4.1 summarizes the results of open circuit test from experiment 1 to
experiment 15 as illustrated in Figure xx. In experiment 1, the rotational speed used was
116RPM. It produced wave frequency of 22.81Hz with RMS value of output voltage of
39.4V. In experiment 2, the rotational speed used was 195RPM. It produced wave
frequency of 27.11Hz with RMS value of output voltage of 47.2V. In experiment 3, the
rotational speed used was 262RPM. It produced wave frequency of 35.16Hz with RMS
value of output voltage of 61.3V. In experiment 4, the rotational speed used was
294RPM. It produced wave frequency of 39.62Hz with RMS value of output voltage of
69.1V. In experiment 5, the rotational speed used was 398RPM. It produced wave

frequency of 53.19Hz with RMS value of output voltage of 92.7V.

In experiment 6, the rotational speed used was 427RPM. It produced wave
frequency of 58.21Hz with RMS value of output voltage of 101V. In experiment 7, the
rotational speed used was 465RPM. It produced wave frequency of 62.81Hz with RMS
value of output voltage of 109V. In experiment 8, the rotational speed used was 493RPM.
It produced wave frequency of 66.62Hz with RMS value of output voltage of 116V. In
experiment 9, the rotational speed used was 528RPM. It produced wave frequency of
69.64Hz with RMS value of output voltage of 121V. In experiment 10, the rotational
speed used was 560RPM. It produced wave frequency of 75.64Hz with RMS value of
output voltage of 131V.

In experiment 11, the rotational speed used was 690RPM. It produced wave
frequency of 92.42Hz with RMS value of output voltage of 159V. In experiment 12, the
rotational speed used was 740RPM. It produced wave frequency of 100.9Hz with RMS
value of output voltage of 163V. In experiment 13, the rotational speed used was
1500RPM. It produced wave frequency of 210.1Hz with RMS value of output voltage of
356V. In experiment 14, the rotational speed used was 1671RPM. It produced wave
frequency of 228.8Hz with RMS value of output voltage of 408V. In experiment 15, the
rotational speed used was 1762RPM. It produced wave frequency of 238.7Hz with RMS
value of output voltage of 416V.
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As shown in the illustrations Figure 4.7, it was noted that the frequency of wave
became increasingly frequent and the output voltage produced by the three-phase circuit
of the ironless coreless electricity generator increased within the time frame when the
rotational speed of the rotors of the ironless coreless electricity generator increased. This
is because when the rotors of the generator were spinning faster, the frequency of
magnetic flux cutting in the three-phase circuit on the stator of the ironless coreless
electricity generator increased proportionally. When there was more magnetic flux cut by
the three-phase circuit in the stator, the voltage per phase and wave frequency of each
phase produced by the ironless coreless electricity generator also increased. This
explanation for the open circuit test is similar and agrees with that of Chalmers and
Spooner’s research findings on an axial flux permanent magnet generator for a gearless

wind energy system (Chalmers & Spooner, 1999).

4.2.1 Verification No of Pole

The ironless coreless generator consist 16 poles on rotor. From equation 2.7
rotational speed can be verified using wave frequency from oscilloscope. Referring to
example 1, No load test 1, wave frequency from oscilloscope was 22.81Hz, filled in into
equation 2.7, rotational speed from formula was 171RPM, the actual rotational speed
from tachometer was 166RPM, and the deviation was 2.9%. From example 2, No load
test 5, wave frequency from oscilloscope was 53.19Hz, filled in into equation 2.7,
rotational speed from formula was 399RPM, the actual rotational speed from tachometer
was 398RPM, and the deviation was 0.25%. From example 3, No load test 10, wave
frequency from oscilloscope was 75.64Hz, filled in into equation 2.7, rotational speed
from formula was 567RPM, the actual rotational speed from tachometer was 560RPM,
and the deviation was 1.2%. From example 4, No load test 15, wave frequency from
oscilloscope was 238.7Hz, filled in into equation 2.7, rotational speed from formula was
1790RPM, the actual rotational speed from tachometer was 1762RPM, and the deviation

was 1.7%.

Mostly the deviation data less than 3%, it was because the wave frequency value

from oscilloscope was fluctuate. By applying the rotational speed of the rotors of the
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generator and the frequency output produced by the rotors as indicated in Eq. 2.7, the
calculated result was in good agreement with the ironless coreless electricity generator
design, that is, 16 poles applied on a rotor.

120 2.7
v = 1201 (2.7)
p
Where;
N represents rotational speeds of the rotors in RPM,

f represents frequency of the rotors and

p represents number of poles on each rotor

Example 1;
Test Load 1, f=22.81
N =120 (22.81) / 16 = 171 RPM
Actual RPM = 166 RPM

Deviation = ((171 — 166) / 171) x 100 = 2.9%

Example 2;
Test Load 5, f=53.19
N =120 (53.19) / 16 = 399 RPM
Actual RPM = 398 RPM

Deviation = ((399 — 398) / 399) x 100 = 0.25%
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Example 3;
Test Load 10, f= 75.64
N =120 (74.64) / 16 = 567 RPM
Actual RPM =560 RPM

Deviation = ((567 — 560) / 567) x 100 = 1.2%

Example 4;
Test Load 15, f= 238.7
N =120 (238.7) / 16 = 1790 RPM
Actual RPM = 1762 RPM

Deviation = ((1790 — 1762) / 1790) x 100 = 1.7%

4.2.2 Different Amplitude Each Phase Voltage

From observation on oscilloscope found (refer Figure 4.8), the amplitude each
phase little bit different. Base on theory, the amplitude each phase supposedly same. Then
the data with rotational speed recorded and fill in the Table 4.2. From test no 1 until test
no 12, the lowest differentiation value was 2 volts and the maximum differentiation was
10 volts. Increasing differentiation value is proportional with rotational speed.
Highlighted with different colors, brown, blue and purples, each colors represent phase
1, phase 2 and phase 3 respectively. The phase 3 shows the lowest value, follow by phase
1 and the highest value is phase 2.
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The coil produce the output voltage in these ironless coreless generator. The
highest possibility the amplitude every phase not same due to no of turns of coils in stator.
The coiling process perform manually using special jig (refer Figure 4.9). Every coils
consist 125 turns and every phase consist 500 turns. Human mistake due to count wrongly
cause the output voltage produce not same. To tackle this problem, the improvement on

the jig is must like make a fully automatic to count the no of turns.
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Figure 4.8 The different amplitude each phase
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NO LOAD [ROTATIONALSPEED Vinax Different
TEST (RPM) Phase 1 Phase 2 Phase 3 (max- min)
1 166 56 2
2 195 68 2 Low
3 262 88 6 Medium
4 294 98 4 High
5 398 132 6
6 427 144 6
7 465 156 8
8 493 164 8
9 528 == 172 6
10 560 188 8
11 690 228 10
12 740 236 8

Table 4.2 The data of different amplitude each phase

Figure 4.9 Coiling process perform manually using special jig
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4.2.3 The Waveform Not Sinusoidal At Certain Speed

During the experiment, at rotational speed exceed 700 rpm the waveform every
phase become not sinusoidal anymore. The shape of waveform become worst
proportional increasing the rotational speed. The first assumption the waveform become
not sinusoidal due to voltage retention. After double check the probe used (see Figure
4.11) only can reach maximum voltage 300 volts only. Then probe replaced with higher
voltage probe which can reach maximum value 1000 volts. Luckily after probe

replacement, the waveform become sinusoidal back. Even at maximum rotational speed

~1800rpm the waveform still maintain pure sinusoidal.

Figure 4.10
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Figure 4.11  Different types of probe. The probe with blue color can reach maximum
1000V and probe with black color only can reach maximum 300V

43 RESULTS AND DISCUSSION OF CLOSED CIRCUIT TEST

The results of the closed circuit test on the ironless coreless electricity generator
will be presented and discussed. After the open circuit test was done, the closed circuit
test or loaded test was performed to test the ironless coreless electricity generator. The
reason to perform the closed circuit test was to experiment the capabilities of the

fabricated ironless coreless electricity generator under loaded conditions.

In the various rotational speed constant load tests, the load used by the ironless
coreless electricity generator was set as constant variable, which was 100 ohm (see Table
4.3). There were 9 sets of experiments carried out in the various rotational speed constant
load tests. In the first run, rotational speed of 104RPM was used on the rotor of the
ironless coreless electricity generator. With such rotational speed, the ironless coreless
electricity generator was able to produce output power of 9.33W, current 0.3A and output
voltage of 30.54V. Rotational speed of 137RPM was used on the rotors of the generator
during the second test. The generator was able to produce output power of 16.27W,
current 0.4A and output voltage of 40.34V.

57



In the third experiment, rotational speed of 212RPM was set on the rotor of the
ironless coreless electricity generator. The generator was able to produce output power
of 39.3W, current 0.6A and output voltage of 62.69V. The fourth experiment, rotational
speed of 240RPM was set on the rotor of the ironless coreless electricity generator. The
generator was able to produce output power of 49.53W, current 0.7A and output voltage
of 70.38V. The fifth experiment, rotational speed of 298RPM was set on the rotor of the
ironless coreless electricity generator. The generator was able to produce output power
of 76.97W, current 0.9A and output voltage of 87.73V.

The sixth experiment, rotational speed of 350RPM was set on the rotor of the
ironless coreless electricity generator. The generator was able to produce output power
of 107.66W, current 1.0A and output voltage of 103.76V. The seventh experiment,
rotational speed of 423RPM was set on the rotor of the ironless coreless electricity
generator. The generator was able to produce output power of 144.99W, current 1.2A and
output voltage of 120.41V. The eighth experiment, rotational speed of 455RPM was set
on the rotor of the ironless coreless electricity generator. The generator was able to
produce output power of 182.12W, current 1.3A and output voltage of 134.95V. The
ninth experiment, rotational speed of 523RPM was set on the rotor of the ironless coreless
electricity generator. The generator was able to produce output power of 236.64W,
current 1.5A and output voltage of 153.18V.
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LOAD TEST | LOAD (Ohm) ROTATIONAL POWER (Watt) | VOLTAGE (V) | CURRENT (A)
SPEED (RPM)

1 100 104 9.33 30.54 0.3

2 100 137 16.27 40.34 0.4

3 100 212 39.3 62.69 0.6

4 100 240 49.53 70.38 0.7

5 100 298 76.97 87.73 0.9

6 100 350 107.66 103.76 1.0

7 100 423 144.99 120.41 12

8 100 455 182.12 134.95 13

9 100 523 236.64 153.18 1.5
Table 4.3 Results for power output in various rotational speed constant load tests

In the various rotational speed constant load tests carried out on the ironless
coreless electricity generator, when the rotational speed of the rotors of the generator
increased, the power generated by the ironless coreless electricity generator also
increased. Likewise, for the ironless coreless electricity generator, when the rotational
speed of the rotor in the ironless coreless electricity generator increased, the magnetic
flux cutting rate for the coil connected using three-phase star connection on the stator also
increased. When such phenomena occurred, more voltage and current would be produced
by the three-phase coil on the stator of the ironless coreless electricity generator.
Assuming that the load used by the ironless coreless electricity generator was constant,
when the current produced by the ironless coreless electricity generator increased, the
power generated by the ironless coreless electricity generator also increased. The results
for the various rotational speed constant load tests for the ironless coreless electricity
generator in this research showed similar trend with the results in Chung and Yew’s
research for their coreless axial-flux permanent-magnet generator for small wind turbines
(Chung & You, 2014).
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Figure 4.12 shows the graph for the power generated by ironless coreless
electricity generator versus rotational speed of the rotors of the generator. The output
power generated by the generator from around 9W increased to around 236W when the
rotational speed of the rotors of the generator rose from 104RPM to 523RPM.

Power-Generated (Watt) versus Rotational Speed (RPM)
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Figure 4.12  Power generated by ironless coreless electricity generator versus
rotational speed graph
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Waveform characteristic on closed circuit test.



In the closed circuit test on the fabricated ironless coreless electricity generator,
there was a ripple within the waveform obtained from the oscilloscope (refer Figure 4.13).
The waveform obtained during the test was not so smooth compared to the waveform
obtained during the open circuit test. It is believed that there was some noise or
interference which had occurred within the system itself when the system was connected
to the rectifier. This was because when the circuits was connected to the silicon-
controlled rectifiers, “notching” effects occurred, and when these devices were doing
switching operation, it caused sharp inverted spikes during commutation or transfer of
conduction from one phase to the next (Vijayaraghavan, Brown & Barnes, 2008). To
reduce the ripple, should apply the filter like inductor and capacitor after the rectifier, so
that the filtered output voltage of the ironless coreless electricity generator will be
smoother (Liang, Yang & Chen, 2007; Nishimura et al., 2008).
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CHAPTER 5

CONCLUSION AND SUGGESTION

5.1 Conclusion

At the end of the research both objectives achieved, the ironless coreless
electricity generator was successfully fabricated and tested with maximum rotational
speed ~1800RPM and producing output voltage ~416Vrms. The part replacement
involved one piece of stator and two pieces of the rotor using CNC Milling Machine. All

the issued during fabrication and assembly process has been tackled perfectly.

The ironless coreless generator involved two testing, open circuit testing (also
known no load testing) and closed circuit testing (also known load testing). Each phase
of a waveform shown pure sinusoidal wave in open circuit test. The output voltage
proportional with rotational speed. The pure achievement when the generator can spin
with full rotational speed ~1800 RPM and generated output voltage ~416Vrms. During
the closed circuit test, the ripple appears on sinusoidal wave and the increasing of ripple

proportional with rotational speed. The ripple caused by some noise or interference.
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5.2  Suggestions

There are a few suggestions which can be done to improve the current version of
ironless coreless electricity generator in this research. First of all, to further improve the
efficiency of the ironless coreless electricity generator, it is suggested to fabricate the
special jig to ensure the rotor can spin without wobbling after assembly the magnet. The
same concept maybe can be applied like car tyre balancing machine. It is important to

ensure after all components assembled the rotor not rubbing the stator while spinning.

In addition, to further reduce the wobbling and rubbing issue, another alternative
ironless material or another types of plastic material should be source. The current

material easily tend to warping during machining.

Finally, it would be an interesting research if an increase in the number of rotors
and stators of the ironless coreless electricity generator can be made without changing its
original design as this might be the way to further increase the output power of the
ironless coreless electricity generator.
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