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ABSTRACT

A NEW INCREMENTAL AXIAL FLUX PERMANENT MAGNET
SYNCHRONOUS GENERATOR TO GENERATE ENERGY BASED ON
MAGNITUDE OF EXTERNAL TORQUE
Mohammed, Esmail

PhD in Modeling and Design of Engineering Systems (MODES)
Supervisor: Assist. Prof. Dr. Bülent İrfanoḡlu
Co-Supervisor: Assoc. Prof. Dr. Sedat Nazlıbilek

Jan, 2018, 129 pages

Nowadays the global warming phenomenon is growing mainly due to conventional
energy production and increasing energy demand. Renewable energy sources such as;
the wind, sun, sea, and rivers produce green energy to reduce this adverse phenomenon
and contributes to the energy production. Recently, alternative energy sources for
generating electric power has become popular. Several types of machinery is used to
generate electrical energy. The majority of these systems use gearboxes to regulate the
generated power. However, the gearboxes attached to the wind turbine through the
generator have some disadvantages. They require periodic maintenance and suffer
from frequent disorders. They may cause some loss of energy due to friction in metal
parts resulting in poor efficiency. Furthermore they are not reliable machines, and they
are heavy. It is difficult to carry out their maintenance periodically. In this study, threephase multi stages axial flux permanent magnet coreless generator has been designed,
iv

modelled, analysed, and controlled to avoid these disadvantages. The goal was to
design and control the generator that would utilize a direct connection without a
gearbox. The electronic controller is aimed at replacing the bulky gearbox. This has
several advantages such as it provides energy at low wind speeds, results in decrease
in the system size, and the weight is also reduced. In addition to these advantages the
system efficiency and reliability is increased.

Keywords: Axial flux permanent magnet generator, permanent magnet, finite-element
method, attractive force, power conversion, controller.
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ÖZ

HARİCİ MOMENT BÜYÜKLÜĞÜNE BAĞLI OLARAK ENERJİ ÜRETEN YENİ BİR
EKSENEL AKILI ADIMLI KALICI MIKNATISLI SENKRON ÜRETEÇ

Mohammed, Esmail

Mühendislik Sistemleri Modelleme ve Simülasyon Alanında Doktora Çalışması
(MODES)
Danışman: Yar. Doç. Dr. Bülent İrfanoḡlu
Eş Danışman: Doç. Dr. Sedat Nazlıbilek
Ocak 2018, 129 sayfa

Günümüzde küresel ısınma fenomeni artıyor ve ana neden geleneksel enerji
üretiminden ve artan enerji talebinden geliyor. Yenilenebilir enerji kaynakları rüzgar,
güneş, deniz enerjisi ve nehir enerjisi, bu olguyu azaltmak uygun olmalarinin yaninda
ayni zamanda enerji uretimine de katki saglamaktadirlar. Son zamanlarda, elektrik
enerjisi üretimi için alternatif enerji popüler hale gelmiştir. Elektrik enerjisi üretmek
için çok çeşitli makineler var. Üreteçlerin çoğunda, üretilen gücü regüle etmek için
dişli kutuları (şanzıman) kullanılmıştır. Bununla birlikte, bu dişli kutularının rüzgar
türbini üreteçlerine bağlamak bazı dezavantajlara sahip olabilir. Örneğin, bu tür
sistemler periyodik bakımı gerektirir ve sık görülen arızalara maruz kalabilir. Metal
parçalardaki sürtünmeler nedeniyle verimlilikte azalma ve dolayısıyle enerji kaybına
neden olabilirler. Güvenilirlikleri azdır. Ağırlıkları fazladır. Bunların
vi

periyodik

bakımlarını yapmak zor olabilir. Bu dezavantajlardan kaçınabilmek için bu çalışmada
üç fazlı çok kademeli eksenel akılı daimi mıknatıslı çekirdeksiz bir üreteç tasarlanmış,
modellenmiş, analiz edilmiş ve kontrolü sağlanmıştır. Burada amaç, dişli kutusu
olmaksızın doğrudan bağlantı sağlayabilecek bir üretecin tasarımı ve kontrolünü
gerçeklemektir. Elde edilecek elektronik denetleyicinin hantal dişli kutularının yerini
alması hedeflenmiştir. Bu sayede sıstem bazı önemli avantajlara sahip olacaktır
örneğin sistem düşük rüzgar hızlarında enerji sağlayabilecektir, sistemin boyutlarını
küçültecek ve ağırlığını düşürecektir, gürültüyü azaltma eğiliminde olacaktır ve
sistemin verimliliğini ve güvenilirliğini artıracaktır.

Anahtar Kelimeler: Eksenel akılı kalıcı mıknatıslı üreteç, kalıcı mıknatıs, sonlu
elemenalar yöntemi, çekme kuvveti, güç dönüşümü, denetleyici.
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CHAPTER 1

INTRODUCTION

1.1

Background

Electric power demand increases continuously with the technical progress in
the world. The global electric power industry today depends on fossil fuels such as
coal, oil and gas resources [1, 2]. However these resources are limited, and when used
cause emission of gases such as carbon dioxide that causes the phenomenon of global
warming, which is one of the biggest problem affecting the world today, and also
environmental pollution [3, 4]. Therefore it was necessary for scientists and
researchers to search look for other energy sources.
Recently, the renewable energy (wind, solar, or, etc.) to generate electric power has
become widespread [1, 5]. In wind turbine several types of machines were used to
generate electrical power energy. Generally, most systems use gearboxes to regulate
the speed and torque to get a regulated output power that is generated[6]. Thanks to
with modern control systems the variable speed turbines are used in many types of
machines widespread [7, 8]. The variable speed turbines have many advantages over
the constant speed generation systems. The increase of energy, operation with
maximum power point,

widen the wind speed range to obtain the desired level of

power quality, and efficiency improvement are the machine advantages of the variable
speed turbines [9]. Nevertheless, the wind turbines which have gearboxes that connect
the wind turbine to the generator, have many disadvantages. They also, need
1

continuous service and suffer from frequent disturbance. They cause some loss of
energy due to friction in metal parts, thus efficiency decreases. Additionally, they
bulky more weighty, and they are not trusted and comfortable due to the frequent and
Difficult periodic maintenance requirement [7, 10]. The permanent magnet (PM)
synchronous machines can be coupled directly to the variable speed source (wind
turbine) [11, 12]. PM machines can be divided into two main groups such as, Radial
Flux Permanent Magnet machines (RFPM) and Axial Flux Permanent Magnet
machines (AFPM) . The torque ratio of AFPM may be higher than the RFPM
machines. The dynamic torque response of AFPM machine is faster than RFPM
machine [10, 13, 14]. PM machines have a lot of features. The AFPM machines and
RFPM machines do not need any rotor excitation field, thus the field electrical losses
do not exist. The rotor losses are mechanical losses, therefore they give great
improvement in efficiency [15, 16]. The construction of the rotor can be made from
Lightweight and non-magnetization materials such as aluminium, composite,
Plexiglas, etc [17-19]. The thin and small magnets can be used in the rotor, and the
torque weight ratio may be higher and better than the other machines. The size, shape,
and weights of the body of the AFPM generators are small if compared with
conventional generators turbine which have gearboxes [11, 20, 21]. The level of the
noise and the vibration are low and the air gap between the rotor and the stator is easy
to modify as compared to ,the AFPM machines have some disadvantages, such as the
permanent magnets used in this study cannot be used to construct a high power
generator prevent the construction of the high power generator with AFPM [22].
However, the AFPM generator is small machine and can be used easily in small
locations. This machine is very suitable for villages, farms and in some places where
it will be as support sources to the conventional electric network. Intelligent control
techniques can be used to control the energy sources as smart grids [23, 24]. The aim
of this study is to design and implement a multi-stage AFPM generator together with
a digital electronic controller to eliminate the gearboxes of wind turbines. This
generator consists of four stages, every stage is defined as (two-stator)-(one-rotor)
generator system. The controller is a digital Arduino microprocessor in which the
control algorithm is implemented. The generator can supply the three-phase voltages
with phase shift angle of 120° degrees for each phase.

2

The mathematical model for a single stage of the generator is derived and simulated
by using MATLAB/SIMULNK program to check the behaviour of the generator under
the R-L load with variable speed. Many experiments are conducted on the multi stage
generator to understand the performance and the efficiency of the machine in real time.
In the testing process, the AFPMG is driven by using a variable speed DC motor to
simulate the wind during experiments. Every output stator is converted to the - dc
voltage by a rectifier circuits. The output of all stages are connected to each other
either in parallel or in series to keep the output voltage and the output power rate as
desired by using on-off switches controlled by an electronic board. The automatic
control is implemented by using Arduino processor. The controller controls the output
voltage and power of the generator automatically at desired levels although the driving
speed is variable. This generator can easily be used in low speed driving energies as
mainly the wind. It may be used for some applications as well for example for sea wave
applications, and small hydroelectric turbines. The advantage of this design is that it
eliminates the use of bulky gearboxes. The digital controller can replace the gearboxes.
1.2

Statement of the Problem

One of the problem with the conventional wind generators is that they use bulky
gearboxes to regulate the output voltage and power of the supplied energy. They don’t
work at low wind speeds and they have high energy losses. Since a gearbox is a
complicated mechanical device, it has a lot of disadvantages and problems during
electrical energy production. First of all, it has a bulky body. It is heavy. It has a big
size compared to electronic boards. It has a noisy operation. It has a poor efficiency
because of mechanical losses. In order to avoid these disadvantages, we decided to
replace this mechanical device by an innovative electronic controller. Besides this
reasoning, we also decided to design and implement a new type of electrical machine
used as a generator. Therefore, our work includes the design, implementation and
manufacturing of a direct drive electrical machine and the implementation of an
innovative digital electronic controller replacing the gearbox.

3

1.2.1 Thesis Scope & Objective
Scope of the thesis is focused on:
- Axial flux permanent magnet synchronous generator.
- Digital control unit.
Main objective of the thesis:
- Design and manufacture is to an axial flux permanent magnet generator
(AFPMG) to be used in lower speeds without gearbox.
- Design and implement a digital control unit to control the output power of
the multistage generator by sensing the change in the speed.
1.3

Outline of Thesis

This thesis is organized as follows:
Chapter 2
The chapter includes the literature survey, a review of generator, main components,
magnetic circuit analysis, the features and the assessments of axial flux permanent
magnetic generator at low speed applications an overview of contemporary
technologies of the generator types. A list of the features of PM generators with various
configurations is also explained.
Chapter 3
The aim of the chapter is to explain the design, models, simulation, and results of a
three-phase axial flux permanent magnet generator (multi stage) connected to directdrive low speed applications (for example, wind turbines).
Chapter 4
This chapter concentrate on the control algorithm development controller unit. The
control unit is used to control the output voltage and the power of the generator to
accumulate frequent shaft speed changes.
4

Chapter 5
In this chapter all experiments are summarized, the experiments are conducted on the
(AFPM) generator that is designed to check the relation between shaft speed and the
output generator, as well as, to get the characteristics and efficiency of the generator
with different loads during some configurations, such as, double stator-single rotor
(one stage) and multi rotor -multi stator (multi stages).
Chapter 6
This chapter presents and summarise the overall results proposes recommendations for
further researches.

5

CHAPTER 2

LITERATURE SURVEY

2.1

Permanent Magnet Machine
PM machines have permanent magnets in the rotor which generate a magnetic

field. In general the magnetic motive force in a PM is higher than what is possible in a
copper coil. The copper coil can be filled with a ferromagnetic material which makes
the coil having a reduced magnetic reluctance. The magnetic field created by PMs is
stronger, therefore PM machines have a better torque, volume and torque weight ratio
than the machine with rotor coils under continuous operations [12, 24-27]. A
permanent magnet machine contains a stator with armature winding and a rotor
mounted with permanent magnets to get the field flux. The PM machine does not need
any external supply to excite the rotor field so for that the field winding and slip rings
do not exist [15]. The PM synchronous generator can be directly coupled to the wind
turbine (without gearbox) [23, 28, 29]. It can also be connected to the electric network.
In order to control the frequency generated by the generator, a back-to-back
(AC/DC/AC) power converter should be used, this allows synchronization with power
system [30-32]. The power converter can be divided into two parts. The first one is at
the generator side converter and the second one is at the grid side. The converter should
be an active inverter [27, 33]. The PM machines are divided into two general groups
including Radial Flux Permanent Magnet (RFPM) machines and Axial Flux
Permanent Magnet (AFPM) machines as shown in Fig. 2.1-a and Fig. 2.1-b,[14, 34].
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Figure 2.1: PM machines (a) Radial flux (b) Axial flux

The rotor in a PM machine (motor or generator) has a special design to give the
required characteristics. The kinds of disc rotor geometry of the PM electrical
machines have been developed, which depends on the orientation of the magnetization.
The rotor disc can be classified as axially oriented kind and radially oriented kind. The
rotor magnets in radially oriented kind are oriented so that the direction of the magnetic
field of the long fixed magnet in the machine is radial, therefore the flux density of air
gap above the magnet is equivalent to the magnetic flux density [21, 35-37]. In this
type of machines, the rotor is developed by using magnetic material which has low
residual flux density such as ferrite magnet that results in low air gap flux density. The
magnets on rotor are arranged so that South Pole one-disc rotor faces a North Pole on
the other, the total per phase provides rise to determine e. m. f by multiplying the
coil e.m.f into the overall number of series shelf per phase [17, 38]. Within this work,
it is mainly focused on the axial flux permanent magnetic generator. Finite-Element
Method (FEM) 3D, is used for accurate evaluation of magnetic device by taking the
geometric details and magnetic nonlinearity into consideration. FEM is also
convenient method for the analyse of air-gap variation in AFPMs [39]. By using this
accurate modelling, a very high precision analysis can be obtained. The three
dimensional finite-element analysis (3D-FEA) such as Ansoft Maxell software is used
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to find the flux density, flux intensity, magnetic field vector, and the distribution of
flux at rated current, [2, 27, 40, 41]. The output voltage controller was used to control
the output voltage under the load with variable wind speeds. The control algorithm is
designed to get maximum power from the variable speed of the wind turbine under
fluctuating wind speeds [42].

2.2 Axial Flux Permanent Magnet (AFPM) Generator
The axial flux permanent magnet (AFPM) generator, also known as the disc type
generator, is more attractive than the cylindrical RFPM generator due to its pie or disc
shape, consolidated construction and high power density. In addition to that the unique
disc-type profile of the rotor and stator of AFPM generator makes it possible to design
in several ways and to have and interchangeable designs [43]. The advantages of
AFPM generator are low weight , high power , less core, higher efficiency, planar and
air gaps amenable to modify, low cogging torque ,simple winding, low noise, higher
torque/volume ratio, higher power-to-weight ratio, and short axial length [44]. The
disadvantages of AFPM generator are as follows. It has lower torque/mass ratio, large
outer diameter difficulty in keeping the air gap at large diameter the production of the
stator core [22, 45]. The AFPM machine can be designed as a single air gap or multiple
air gaps generator, with slotted, slotless or even without iron armature (ironless). The
flux density is dependent on the air gap length. If the air-gap length is increased, the
flux density decreased, which in turn decreases the flux linkage. When the dimensions
of the stator winding is changed, the effective length of the air gap will be changed
and; therefore, the value of leakage flux is also changed. Thus, the use of the iterative
design algorithm is important [46]. Axial flux permanent magnet synchronous
generator (AFPMSG) can be used in a horizontal-axis wind turbine (HAWT) system,
or a vertical-axis wind turbine (VAWT) system. The output power is proportional to
the number of coil layers. In the AFPM, the stator winding can be designed or
constructed as a single phase or three phases. The equivalent circuit is necessary to
calculate the performance of the AFPM machine [47, 48]. AFPM generator has more
advantages than RFPM generator in terms of power density, low speed efficiency and
volume [49]. The generator rating power depends on the outer and inner diameter. Note
that if a small increase in the generator diameter happens, the power rate can be
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increased [5]. The AFPMS generator weight can be reduced if high energy magnets as
such (NdFeB) are used. The coreless or ironless stator design produces zero magnetic
pull between the stator and rotor. The axial flux permanent magnet machines can be
used in hybrid electric vehicle (HEV) as motors and generators [28, 50, 51]. In the
design of motors and generators, it is necessary to realize the relation between the
number of the magnets and the number of coils. Therefore, for three-phase machine,
every coil needs 1.33 magnets. The magnets should be alternate poles as they go
around the plate, that is they must alternate N, S,N… sequentially, [40].
2.2.1 Geometries
The geometries of the AFPM machines may vary depending on the requirements and
application types. Axial flux PM generators can be constructed in several ways, such
as a single-sided , double-sided , or multi-sided generator, with or without armature
slots ,with or without iron armature, with internal or external PM rotors and with
surface mounted or interior type the PMs.
2.2.2 AFPM Generator (Single Rotor – Single Stator)
The simplest structure of axial flux permanent magnetic generator is the single rotor single stator (S-S, S-R) structure as shown in Fig. 2.2. The stator core consists of iron
core or non-ferromagnetic material in which the stator coil is embedded. The rotor
often contain a circular disc made from ferromagnetic materials such as iron or nonferromagnetic such as aluminium materials. The disc supports and carries the PM
magnetic. One rotor and one stator are the simplest structure of AFPM generator, but
the produced torque is low [52-54]. In a single rotor- single stator (ferromagnetic
material) structure, the axial force between them is very high. Therefore, a thicker rotor
disc and a more complex bearing arrangement is required [55]. When the air-gap size
is changed, the flux that is present between the stator and rotor changes [56] . The
behaviour of the magnetic flux and the accuracy can be verified by using ANSYS
Software or Ansoft Maxwell during the design process. The attractive force between
the rotor and the stator in AFPM coreless does not exist at no load [10, 17, 57, 58].
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Figure 2.2: Single Rotor – Single Stator construction of an AFPM Generator

2.2.3 Double Sided AFPM Generator
A double-sided AFPM generator can be divided into two types as a single rotor – a
double stator (SR-DS) generator and single stator – double rotor (SS-DR) generator.
These are explained in the following sub-sections.

2.2.3.1

A Single Rotor - Double Stator (SR-DS) AFPM Generator

Axial flux permanent magnetic machine called double side stator or single rotor double stator (SR-DS), is also called internal rotor or inner rotor as illustrated in Fig.
2.3. This type of machines has two stators and one rotor .The rotor disc rotates between
two stators. The advantages of these machines are their ability to provide two output
source voltages and more output power, and their short axial length. The disadvantage
of this type of machines is the need of more coils. In this thesis we mainly focused on
these type [59].
The direction of the magnetic field rotates around the rotor. If the stator material is
ferromagnetic, the path will pass from N-pole to S-pole through the stator, but if the
stator material is non-ferromagnetic, the path of the field will stop the stator and go
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back to the same pole. The initial torque in this machine is low when the attractive
force between the stator and the rotor does not exist. In this type, the rotor width should
be large and hard, enough so that also the two stators works at the same time to keep
the balance. The MATLAB software can be used to check and analyse the behaviour
(stability, steady state) of the system [60-62].

Figure 2.3: Construction (Single Rotor – Double Stator) of the AFPM Generator

2.2.3.2

A Single Stator – Double Rotor (SS-DR) AFPM Generator

The Single Stator - Double Rotor (SS-DR) axial flux permanent magnetic machine
(motor or generator) having two rotors and one stator is also called twin rotors. The
stator carrying the coils is between the two rotors. The rotor carries the PM magnets
which generate the magnetic field as shown in Fig. 2.4. The poles of the two rotors can
be arranged as N-S with S-N or N-N with S-S [63-65]. This type of machine needs
more initial torque because it has more PM magnetic volume that is more than the
other machines [31, 66]. The magnetic losses in PM rotors can be neglected since the
air gap is very small. In the flux direction, the rotor back ferromagnetic does not exist.
The disadvantage of this machine topology is that the attractive force is very strong
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between the two PM rotors. Therefore, it needs more torque to rotate the machine, [16,
19, 67, 68]. The structure of the stator and the rotor can be designed from ferromagnetic
or non-ferromagnetic materials, so if the rotors have ferromagnetic material, the path
of the field will pass from N-pole through this material to S-pole which is in the same
rotor and pass to other poles in the other rotor. But if the rotors don’t have any
ferromagnetic material, the path of the field will pass from the first rotor S-pole to the
second rotor N- pole [34, 69].

Figure 2.4: Construction (Single Stator –Double Rotor) of AFPM Generator

2.2.4 A Multi Stage (Multi Stator -Multi Rotor) AFPM Generator
A Multi-Stage or Multi Stators -Multi Rotors axial (MS-MR) flux generator can be
constructed from iron or iron less stator and rotor. This kind of machines or generators
can be constructed as multiple rotors and multiple stators, [70-72]. The multi stages
generators structure may have N stators and N±1 or N/2 rotors discs where N is the
number of the stators as shown in Fig. 2.5. All the rotors are connected to the same
mechanical shaft [3, 27]. The flux path in the multi stage generator is dependent on the
number of the stator and the rotor. When we have N stators and the N±1 rotors. The
path will pass from the first rotor to another, but if we have N rotors and N+2 stators,
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the path of the field will stay between the two stators and will not be transferred to the
other rotors. The external rotors should be made from good magnetic material to
provide return flux path [73-75]. The number of rotors and stators of the generator
depends on the application and the place where it will be used. In this thesis, the
generator has four stages, every stage consists of two stators - one rotor (internal rotor)
which means the rotor rotates between the two stators. This generator is ironless type,
thus the attractive force between the rotor and stator does not exist at no load and it has
more advantages than the others. It has also multi output voltage and can generate more
power at low speed, but the disadvantage is the need for more axial length and more
size [10, 76].

Figure 2.5: Construction of (Multi Stator- Multi Rotor) AFPM Generator
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2.5

Main Component of AFPM Generator

2.5.1 The Stator
The construction of the stator can either be made from a ferromagnetic material (iron
core) or from non-ferromagnetic material (ironless) [77, 78]. The stator carries the coils
often made from copper material.
2.5.1.1 Arrangement of the Stator Winding
In axial flux permanent magnet machines, the winding coil of the stator can either be
constructed as a single layer or as multi layers. The shape of the magnet and the shape
of the coil should be the same [79, 80]. The coils shape of the stator and the magnet
shape of the rotor can be rectangular or circular. Every coil has two surfaces. Each
surface of the coil interacts with one face of PM rotor. Two configuration methods can
be used to connect all coils with each other. The first is (end to begin) where the end
of the first coil is connected to the beginning the second coil, end of the second coil is
connected to the beginning of the third coil, and so on. The second is (begin-to-begin)
where the end of the first coil and the end of the second coil are connected together,
the second coil is connected to the beginning of the coil and so on [81] . The
relationship between the number of poles and the number of coils should be selected
to ensure that it will make 120 degrees between each phase for three phase machine
[82].
In order to enforce the opposite motion of the generator rotor, the winding coil of the
stator should be arranged so as to cutting magnetic fields which is produced in the air
gap [83]. In three phase machine, the stator coil should be arranged as illustrated in
Fig. 2.6, which shows a machine having one pole pair. The phase A is achieved by
connecting coils making a 120 electrical degree with phase B, and the phase B makes
a pole pitch of -120 electrical degrees with phase C. Finally, the phase C makes 120
electrical degrees with phase A. That means all degrees will make 360 degree which
means one cycle. The phase A and B arrangement have an opposite locative
displacement with respect to the phase C, and that way two synchronous counter
rotating fields can be produced in air gaps. With respect to the given stator reference,
the two rotors of machine have the same angular position, but they were moved toward
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opposite directions. The volume of the copper in the winding is limited in the
machines to sizes of inner and outer diameters [3, 83]. When increases the number of
coil turns per phase, the output voltage will increase [84]. The winding terminals of
the phases can be connected either delta connection or as star connection which
depends on the output required. Thus, for more voltage with low current, the star
connection can be used. If more current with low voltage is required, the delta
connection can be used [79]. The parameters of the winding, such as resistances, coil
inductance can be calculated by using classical analytical method or measured by multi
meter devices [62].

Figure 2.6: Coils arrangement in the stator

2.5.2 The Rotor
The rotor is a disc that can be made of magnetic material such as ferromagnetic (iron)
or non-ferromagnetic (ironless) material such as epoxy, aluminium, or plexiglas to
carry and support the permanent magnet [78]. The rotor set near to the stator and the
distance between them known as air gap is small [85]. The rotor is connected directly
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to the axis of rotation or shaft without gearbox. The arrangement of the magnets should
alternate as S- pole, and N- pole successively as they go around the disc [9]. That is,
they must alternate as N, S, N, etc as shown in Fig. 2.7, [17, 74].

Figure 2.7: The rotor disc

2.5.3 Direction of the Flux Path in AFPM Machines
In the axial flux machines, the flux paths direction is dependent on the polarity of the
poles and the type of material (ferromagnetic cores or coreless) of the stator and rotor
body. In single rotor and stator iron core, the flux path passes from N magnet pole to
the stator core through one air gap and crosses again the air gap, then enters the rotor
core through the opposite pole (S) to complete and close the path circle as indicated in
Fig. 2.8. In double stator – single rotor AFPM machines, the same idea is valid. Every
magnet has one polarity each side opposite to the other side .When the stator and the
rotor are coreless ( no ferromagnetic material), the flux path will travel directly from
the rotor through the air gap to the stator then go back to the rotor through the air gap
again [26, 67].
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Figure 2.8: Direction of the flux path in AFPM (single stator-single rotor)

The axial flux permanent magnet machine (TORUS) or (Double rotor- Single stator)
machine can be divided into two types such as, SN and NN type. In the SN type, the
flux path of the magnetic field travels from N pole through the first gap then crosses
the stator to the second gap and arrives to the S pole as indicated in Fig. 2.9-a, [86]. In
the NN type , the flux path of the magnetic field travels from N pole through the first
gap then crosses half the stator then offset magnetize the field of the same polarity
which forced to go back to the same rotor [16, 26]. Thus, the flux travels through half
the stator and does not travel to second rotor, which means that the flux goes through
shorter distance compared with the first type as shown in Fig. 2.9-b, [87].
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Figure 2.9: Flux directions of single stator -double rotor

The flux path of field in the multi-stage axial flux permanent machine is the same as
that of either single stator - double rotor type structures. As shown in Fig. 2.10. In the
NN type, the flux passes through circumferentially in the stator, so, back iron is
necessary in each stator. The magnet driven flux enters the air gap and then to the stator
core. The flux goes along the stator core and the flux travels through the stator and
does not travel to the other rotor. The flux travels through the stator of the machine
and goes back to the same rotor. In the NS type, the main flux travels from one outer
rotor to the other outer rotor through stators, rotors and 2N air gaps or goes to in each
of the stator and the rotor body[71, 88]. In NS type, the flux does not travel in the stator
core, thus the iron in the stator structure is not necessary, a nonmagnetic material or
non-magnetic steel such as aluminium, epoxy, or Plexiglas can be used to increase the
robustness of the rotor structure and reduce the losses. The advantage of NS type is
that the size of the machine was smaller than NN type multi stage generator or
machine, the efficiency and power density are better or higher than N-N type multi
stage machine.
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(a)

(b)

Figure 2.10: 2D Flux directions of multi stage machine
(a) The NN type machine, (b) The NS type machine

2.6

Analysis of Magnetic Circuit

One or more closed loop paths can be generated in the magnetic circuit of consisting a
magnetic flux. The flux can be produced by permanent magnets or electromagnets
(coil of wire by winding) and the path is restricted by magnetic cores containing
ferromagnetic materials like iron, even though there may be air gaps or some materials
in the flux path [60, 67]. The flux linkage of a coil is the surface integral of the normal
component of the magnetic flux density integrated over the surface area by that coil.
The difference between MMF and EMF as known the MMF- magnetomotive force is
the force, resulting from the magnetic flux to flow in a magnetic circuit and the unit
measurement is Ampere-turn. The EMF - Electromotive force is the force, resulting
from the current which flow in an electrical circuit. It is measured in Volts [22, 25].
2.6.1 Flux Linkage and Inductance
Flux linkage is the total flux which linked by the coil and the unit of the flux linkage
is turn - weber. The flux linkage is a property which is necessary in the induction of
the electromagnetic. The wire or the coil can be of any shape. Flux linkage is state
connect two-terminal element, but sometimes confused between the flux linkage and
magnetic flux is indeed and reach instead of an equivalent of the flux magnetic. The
inductance of a structure is proportional to the linkage of the flux. The flux linkage is
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proportional to the number of turns intercepting that flux and number of turns
generating the flux .The self-inductance of the coils is proportional to winding number
N2, and the mutual inductance of pair of coils is proportional to

,

. The flux

linkage of an inductor is proportional to the current and the inductance of the inductor.
Hence, the energy stored in an inductor depends on the product of the inductance and
the square of the current. The magnetic field will be produced in the area of the
conductor when the current passes through this conductor. One cannot see the
magnetic field but by using a compass of needle one can detect it. The magnetic field
will be set up around the area surrounding the conductor, which carries the electric
current. The magnetic field lines define the direction of the Polar, where a free north
pole would move, and the lines number of field in a specific region being used to show
the relative force for the field. The right-hand rule can be used to determine the
direction of field of the flux. Magnetic flux density distribution and direction can easily
be measured or determined by using software program (ANSYS or ANSOFT
Maxwell) [72, 89]. The force of a magnetic field is proportional to the electric current
passes through in the coil, multiplied in the number winding of the coil and inversely
proportional to the average length of the magnetic circuit .The measuring unit of
inductance is Henrys (H) or (Weber-turns per ampere). Also, in many status of
practical benefits, the reluctance is dominated of the system via that of an air gap,
which the linear, and nonlinear influence on the magnetic material can be neglected.
In other situation, it may be perfectly acceptable assuming the average value of
magnetic permeability for material of the core and to determine a corresponding
average inductance, which can be used for determination of the engineering accuracy
[25, 90].

2.6.2 Permanent Magnet
The permanent magnet is the object that is made of materials which magnetized and
generate that have permanent magnetic field. Many shapes can be used in magnet such
as circular magnet, trapezoidal skew, triangular skew, parallel sided, sector and/or
radial magnet shape [91]. The magnetic material characteristics can be described by
the B(H) curve. The remanence which is the residual flux density and the coercively is
a value of external magnet field required to reduce the magnetization of this material
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to zero is very important in the magnet parameter [90, 92]. The eddy current loss of
permanent magnet is mainly generated by the time harmonic generation, the eddy
current loss can be calculated by using the finite-element analysis software (ansoft
Maxwell, ANSYS),[93]. The advantage of a permanent magnet (PM) is that a
permanent magnet does not require a power supply of electrical energy to keep its
magnetic field. There are four types of permanent magnets: samarium cobalt (SmCo),
neodymium iron boron (NdFeB), ceramic, and alnico or ferrite magnets. The
neodymium-iron-boron material has more features than other such as larger residual
flux density, more energy product, and coercively [25]. Therefore, the neodymium iron
boron (NdFeB) was selected to be used in this research. Each piece of the magnet has
two poles of opposite effect, north and south after their self-orientation to the earth. By
cutting one piece into two halves is impossible to isolate one of these poles by itself.
Each resulting piece will possess its own pair of poles. Two types of poles can be
found, south and north, if the poles are different they would attract each other, but if
they are similar the poles repel one each other. The force is caused to generate static
electricity extended that invisibly over space, also can travel through non-conductive
material such as aluminium, Plexiglas, Epoxy, paper and wood.

2.6.3 Magnetic Force
Magnetic force exists between two magnets, resulting by the interaction of their
magnetic fields. This force causes the magnets to repel each other or attract them. The
direction of this force can be found by using the right - hand rule. The force is
perpendicular to both the velocity v of the charge q and the magnetic field B. The
magnetic field and electric field can be defined by the Lorentz force law. The electric
force is straightforward, being in the direction of the electric field if the charge q is
positive, but the direction of the force can be found by the right hand rule. In axial flux
coreless machine there is no attractive force between the rotor and stator at no load.
Additionally no torque pulsation is produced at zero current (Lorentz force law).
However, whenever the current

existed the stator, the attractive force come into

action, this force depends on the current value which flow in the coil. In iron core stator
or/and iron core rotor, the attractive force between rotor and stator existed even without
load current. Therefore, the rotor iron core should be thick enough to avoid excessive
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deflection. Nevertheless, in double side (outer rotor) axial flux machine structures the
attractive force can be cancelled because the double air gap system causes that force
which has a small effect.
2.7

Sizing Equation

The main dimensions of axial flux permanent magnetic machine is the outer diameter
and the inner diameter, that depends on many parameter such as the phase armature
current in one stator winding, flux density of the magnetic, the number of tums per
phase per one stator, the number of phase, and the EMF per phase per one stator
winding . The outer diameter of the machine increases slowly when the output power
increases, [3, 29, 64, 74, 89].
2.8

Power Electronic Conversion System

To get maximum power and efficiency from wind or variable speed energy conversion,
the AC/DC/AC techniques should be used in small-scale systems. To convert the
variable AC voltage which is generated by generators, the diode rectifier should be
used. The fact that active power flows directionally from the generator to power
converter and load, a simple diode rectifier is used at the generator side converter [94,
95]. A three-phase bridge rectifier can be used to change AC three phase voltage to
DC voltage which provides six-pulse ripples on the output voltage that is commonly
used in a three phase converter. Two of the diodes which have the maximum amplitude
of line-to-line voltage will conduct DC/DC converters are switch-mode converters
which adjust variable voltage to a desired reference dc output voltage. The dc-dc
converters are always. There converters are known as three terminal regulators. The
output current or the voltage of the buck regulator kind is less than the input dc voltage
with the same polarity of input dc voltage. The buck converter also defined as a stepdown converter, because its output must be less than the input voltage, in boost
regulator kind, the output voltage is higher than input dc voltage with the same polarity
of input dc voltage and because of the presence of right-half-plane zero in boost
converter’s transfer function. It is very difficult to control it pending on high step up
gain between output and input voltage [95].
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DC-to-AC converter is defined as inverter which is used to change input DC voltage
to output AC voltage in request to supply AC load or linking with grid. The inverter
output voltage should satisfy suitable standards such as desired voltage amplitude,
frequency, power and maximum total harmonic distortion value. The ideal AC voltage
waveforms should be sinusoidal. Practical inverters are mainly based on switching
devices, output AC voltage of inverters is non-sinusoidal and contains certain
harmonics [96]. There are many methods that can be applied to control the inverters.
The pulse width modulation (PWM) control method is always used to give suitable
switching signals to control inverter switches. Two main types of inverter can be
classified as current source inverters and voltage source inverters. The inverters which
are used for small applications independently control the output voltage waveform
[95, 96].
2.9

Finite Element Analysis Method

The finite element method is one of many numerical methods which is used to solve
and calculate complicated magnetic fields when the traditional analytically solutions
are not enough or not suitable. Finite-element method is used to get an overall form
for the saturation level in many parts of the machine to compute the maximum flux
density at no-load and at over load in the machine components, the direction path of
magnetic field, the iron losses in the components of the generators, and the worst
situation of demagnetization on the permanent magnet [47, 83].
To calculate and determine the total eddy-current power loss in the rotor, the 2D FEA
together with many software packages can be used to analyse or determine the
electromagnetic field problems. For two or three diminution space one of the software
is ANSYS or Ansoft Maxwell, which is a high-performance interacting software
package field using finite element analysis (FEA) to solve or calculate electric and
magnetic problems, [32, 97-99]. The finite-element method (FEM) for three
dimensional provides a specific analysis of magnetic devices, taking into account
shape, geometric specifics and magnetic nonlinearity. Therefore, it is a suitable method
for analysing the PM machine[100]. By using this technique, it is possible to find
required signals for a very high accuracy analysis. Finite element method analysis
mainly based on Maxwell’s equations.
23

2.10 Moment of Inertia and Torque
2.10.1 Moment of Inertia
Moment of inertia is defined as the ratio of the angular momentum of the system to
the angular velocity around a main axis shaft. When the angular momentum of a system
is constant, the moment of inertia will be very small. Therefore, moment of inertia is
based on the body mass and its shape or geometry, as known by the distance to the axis
of rotation shaft. The moment of inertia of the rotor can be found or determined by
using Eq. (2.1).

(2.1)

Equation (2.2) can be used to calculate the moment of inertia for each of rotor and
shaft.

(2.2)

Here, J is a moment of inertia of the rotor, M mass of the rotor,
and

is radius of the rotor,

is the radius of the shaft. The torque is the rotational equivalent of force

therefore the net torque will cause the machine to rotate with an angular acceleration.
2.10.2 Torque
The torque (N.m) is defined as a force around a certain point, applied in a radius of
that point. Therefore, the net torque will be the reason to rotate the machine with an
angular acceleration. The initial torque to rotate or move the rotor can be calculated
by measuring the weight required to start to rotate the machine and the weight should
be at 90 degrees with the radius, as shown in Fig. 2.11 is by Eq.(2.3).
. .

(2.3)
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where

. , is the force given by Newton's law

The total torque in the machine as indicated in Fig. 2.12 is given by Eq.(2.4), if the
friction torque (bearing friction) is assumed to be very small, then it can be neglected
[22].

∑

(2.4)

where ω is angular speed and T is a mechanical torque.
A mechanical torque is applied to turn magnetic field through a conductor and to
generate electric current, and
rotating at constant speed
means ∑

0, and if

(torque accelerate). When

is electromagnetic torque. When the machine is
. The sum of torque will be zero that
,the rotation speed of the shaft will increase
the rotation speed of the shaft will decrease (torque

deceleration).

Figure 2.11: Initial torque measurement
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Figure 2.12: Angular speed & torque

The relation between output power (P) of the machine and the torque is
.
2.10.2.1

(2.5)
Cogging Torque

The performance of axial flux permanent magnetic machine is based on the quality of
the torque. The torque quality is also based on the torque density (torque-to-weight
ratios and torque-to-volume) and the pulsating torque. The pulsating torque is
classified into two components, the torque ripple and the cogging torque. The cogging
torque occurs when the magnetic permeance is changed in the stator teeth also the slots
above the PM [101, 102]. The cogging torque existence is an undesired case in the
design of PM machine because the cogging adds unwanted harmonics to the pulsating
torque, the maximum value of cogging torque occurs in the first half period of cogging
torque waveform [103, 104]. Torque ripple occurs from fluctuations of the field
distribution, and the armature magnetic motive force (MMF) [105]. Torque ripple is
often filtered out by the machine inertia at high speeds. therefore, at low speeds or
gearless machines direct-drive systems torque ripple produces noticeable effects that
may be unacceptable in ease torque and low noisiness applications [106]. In electrical
machines the cogging torque is the torque which results from the interaction between
the permanent magnets of the rotor and the stator slots of the permanent Magnet (PM)
machines. As well-known detent or no-current torque, the position of this torque
depends on periodicity per revolution, the number of magnetic poles, and the number
of teeth in the stator of the machine. The cogging torque of the machine can be
calculated by the rate change of total air gap co-energy including the PM region [107].
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The Lorentz equation can be applied to find the cogging and the electromagnetic torque
in AFPM machine, also it can be computed by using 3D FEA [53, 108]. The cogging
torque is an unwanted component to the operation of the machine or the generator
[109]. In this research, the coreless AFPM generator which was designed in such a
way that the attractive force between the stator and the rotor and cogging torque do not
exist.
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CHAPTER 3

Design and Simulation of Multi Stages Generator

3.1

Axial Flux Permanent Magnet Generator Design

Three-phase multi stages axial flux coreless permanent magnet generator (MSAFPMG) as shown in Fig. 3.1 has been designed, modelled, and analysed in this
chapter. As well as, construction method and sizing equations of the axial-flux
permanent-magnet generator are discussed. The size of the generator depends on the
input power available and the output power required. Each stage consists of two stators
(armature) and one rotor (field) as illustrated in Fig. 3.2. There are four stages in this
design. Arrangements of coils are necessary to get angles of 120° degrees between
each pair of phases. The density of magnetic flux has been calculated mathematically
to find the size of the generator, then finite element method ANSOFT MAXWELL
Software was used to determine the value of the density of magnetic flux in the air gap.
The air gap affects the generator efficiency, thus whenever the distance between the
stator and the rotor is small as much as possible, the effect of magnetic flux density on
the coil increases and the electric motive force generated in the coil increases as well.
This generator can be used to connect directly without a gearbox in a low speed
application (wind energy), this conversion tends to decrease the system size, weight,
noise, and increases efficiency and reliability.

28

Figure 3.1: Three-phase multi stages axial flux permanent magnet generator

Figure 3.2: AFPMS generator (four stages)
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Axial flux permanent magnet generator was formed as flat planar discs of rotors and
stators. A rotor disc has permanent magnets to produce axial flux in the air gap. A
stator disc contains the phase windings. The number and size of the magnets and the
coils depend on the size of the generator, and on the number of phases (single or three
phases). At no load, a coreless AFPM machine does not produce any normal attractive
force between the stator and the rotor. One of the benefits of using stator coreless
machine is that the cogging torque does not exist and the second benefit is the increase
of the area available for conductors. By combining or arranging the stators and rotors
and their numbers, many variations in AFPM machines can be developed. This work
focuses on the single rotor - double stator topology. This configuration is a
fundamental block that called one stage of our final design, which will be a multi-stage
machine that eliminates the gearbox in the wind turbine. In addition, the neodymiumiron-boron (NdFeB) for the permanent magnets is used in the rotor. The rotor disc has
(NdFeB) magnets arranged so that the poles are alternating and sequential north - south
- north – south-, etc.
3.2

Practical Points

There are some points that should be considered when the permanent magnetic
generator is produced. It is important to realize the relation between the number of
coils p and the number of magnets p . If the ratio p /p is an integer, then the rotor
has zero-torque positions. In order to avoid zero-torque position, it should be a noninteger ratio. For true alternating three-phase e.m.f waveform with 120°, it is necessary
to have 1.33 magnets per coil [9], as shown in Table I. Some points should be taken
into account, as follows:
- The magnets must have alternate poles as they go around the plate. This means that
they must alternate as N, S, N, etc.
- Distribute the coils on the stator in right method.
- Arrangement of the coils on the stator should be on the form that gives phase angle
between two lines equal to 120 degrees.
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Table 3.1 The relation between the number of magnets and the number of coils
Number of Coils
6
9
12
24

3.3

Number of Magnets
8
12
16
32

Sizing Equations

The size of the generator depends on the required power at a certain speed and the peak
value of magnetic flux density which affects the coils. The surveys of previous studies
previous that, the resulting speed of the small wind turbines ranging from 100 to 250
revolution per minute (r.p.m), depends on the specifications of turbine. Therefore we
selected the average of these speeds for the manufacture of the generator. The average
speed is 120 r.p.m for producing a power of 250 watts. The generator consists of four
stages such as, every stage has two stators - one rotor. The normal component of the
magnetic flux density on the surface of two stators and one rotor can be described as
shown in Fig. 3.3. In this generator, the thickness of the stator is d, the thickness of the
rotor is z, and the air gap is g, bearing in mind that the stator and the rotor do not have
any steel magnetic circuit therefore the magnetic saturation does not exist, thus k
1.

Figure 3.3: One Stage (two stator-one rotor)
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The main dimensions of a double-side AFPM generator with internal disc rotor can be
calculated by using Eq. (3.1), [3, 29, 64, 74, 89]:

.

Where,

.

.

.

.ɳ.

(3.1)

∅

the peak value flux density that effected on the coil.
the speed of the shaft (rev/s).
the output power of a single stage in kw
the winding coefficient
the line current density.

ɳ

Expected efficiency.
∅

Expected power factor.

By substituting constant numbers to Eq (3.1), it would be simplified to Eq.(3.2)

(3.2)

. .

and
0.560
Where

(3.3)

is the outer diameter,

output power of a single stage,

is inner diameter of the generator,
. .

is the speed of the shaft and

is the
is the peak

value flux density of magnetic flux generated by the permanent magnet affecting the
windings of the stator and

3.12 is the constant numbers, see Appendix (A).

In this generator, the thickness of the stator is d=10 mm, the thickness of the rotor is
z=10 mm, and the air gap g =2 mm. The peak value of the flux density affecting the
coils is 0.353 Tesla and it is calculated by Eq.(3.4).
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(3.4)
.

Where:

.

1.25 is the remanent magnetic flux density of (NdFeB) PM,

is the saturation factor of the PM magnetic, and

1

1.047 is the relative recoil

magnetic permeability. By using equations (3.2) and (3.3) it was calculated that the
outer diameter of the stator

0.264 m, and the inner diameter

0.148 m.

3.2.1 The size of the Permanent Magnet and the Coil
The size of PM and the dimension of the coil depends on the distance between the
outer diameter and inner diameter. Furthermore, the number of the magnets depends
on the number of the coils. In order to produce 3-phases of the power (which provides
better efficiency than single phase) it was necessary to use at least nine coils, so it is
important to realize the relation between the number of coils and the number of
magnets. For true alternating three-phase power, 1.33 magnets per coil is needed,
therefore, 12 magnets for every rotor are needed. In addition, whenever the distance
between the magnet and the windings is small, the value of the voltages produced
increases. Magnetic flux density drops off with the square of the distance, so it is
important to reduce the air gap between stator and rotor for better efficiency. Finally,
when faster rotor spins and faster magnetic fields are switched, the result of the highest
voltage will be produced. When the inner and outer diameter were calculated, it can
be found that, the long edge of the magnet should be from 40 mm to 45 mm. Therefore,
selected size of each magnet was (40 x 20 x 10) mm as shown in Fig. 3.4. There are
typically four categories of permanent magnets: neodymium iron boron (NdFeB),
samarium cobalt (SmCo), alnico, and ceramic (ferrite magnets). In this project,
(NdFeB42) was selected because it is the best fit available, see Appendix (B).
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Figure 3.4: Permanent magnet

The alternating magnetic field which results from the rotor caused in generating a
voltage in the coils of the stator. The voltage generated is a function of the number of
turns per coil and as much the number of windings as increased, the more voltage was
obtained. Actually, the voltage is a function of speed. The Y-configuration was used
to connect the coils together for providing higher voltage and lower current for the
same power rating compared to a delta connection. After choosing the dimensions of
the magnet, the dimensions of the coil can easily be determined
and

is length of the coil

is width of the coil as shown in Fig. 3.5.

Figure 3.5:One of the coils

The resistance

of each phase can be calculated, by using Eq. 3.5 as follows [22]:
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∙

(3.5)

2

2

∗

∗

(3.6)

Where:Ls is total wire length per phase
is the copper Conductivity (0.01724(ohm. mm2/m)
is the cross sectional area of the wire (mm2)
is length of the coil, W is width of the coil, N is number of the turns in the coil and
is number of coil per phase , respectively as shown in Fig. 3.5. In our case, each
phase has three coils, so

3.

The inductance formula for a coil of wire is given as below:

(Henry) (3.7)
where:
is inductance of the coil in henrys
is permeability of the core material.
The resistance and inductance of the coil can be found by using multi-meter measuring
device.
3.2.2 Rotor and Stator Design
The stator was manufactured by using a non-ferromagnetic material (Plexiglas) in
which the stator coils are embedded, (see Appendix (C)). This material was selected
such that demounting and modifying the stator parts would be easy. The coils were
arranged in a 3-phase configuration as shown in Fig. 3.6. Each phase has three coils.
Each phase was constructed by a method which is called as “the end to the beginning
connection”.
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Figure 3.6: Stator structure appropriate with a three-phase configuration.

In this method, the end of the first coil is connected with the beginning of the second
coil, and the end of the second coil is connected with the beginning of the third coil as
shown in Fig. 3.7.

Figure 3.7: Begin-to-end winding connection
The frame of the rotor was constructed from non-ferromagnetic material (Plexiglas)
which supports the neodymium permanent magnets (sintered NdFeB with 0%
36

Cohaving magnetic strength of 42 MGOe) as shown in Fig. 3.8-a. Then the frame of
the rotor disc was changed to aluminium, as shown in Fig. 3.8-b. See Appendix (C).

(a)
(b)
Figure 3.8: (a) Rotor structure from Plexiglas with permanent magnets
(b) Rotor structure from aluminium with permanent magnets.

The parameters of the system which are designed are given in Table 3.2. The system
requirements are 3-phase, 250 W power, and 120 r.p.m rotation speed. The parameters
such as coil resistances, inductances, and the physical dimensions are listed in the table.
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Table 3.2 Design parameters of the generator
Specification / Dimension

Value

Unit

Power output
Average mechanical speed of rotor

250
120

W
r.p.m

Max. Current

3.2

Amp/Phase

Number of Phases

3

-

Winding connection type

Begin- end

Connection type

Star

Number of stator discs

8

Number of rotor discs

4

Number of coils of stator disc

9

Number of turns of coil

150

winding

Resistance of stator coil

6

Ω

Inductance of stator coil

3.85

mH

Number of Rotor Poles

12

-

Number of Stator Poles

9

-

Electromotive force (EMF) constant 0.302

V.sec

Dimensions of permanent magnets
Axial height

0.01

m

Axial width

0.02

m

Axial length

0.04

m

Outer diameter of stator disc

0.264

m

Inner diameter of stator disc

0.124

m

Outer diameter of rotor disc

0.264

m

Inner diameter of rotor disc

0.148

m

Dimensions of Generator
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Multi stage axial flux permanent magnet generator block is appearing as illustrated in
Fig. 3.9.

Figure 3.9: Multi stage axial flux permanent magnet generator block

3.3

Mathematical Model of the Generator

The electromagnetic system that was developed in this thesis is a permanent magnet
(PM) generator. Neodymium-iron-boron (NdFeB) permanent magnets are used in the
rotor. The voltages are generated in the windings of nine coils by rotating mechanically
the PMs that pass the coils. The magnetization curve for NdFeB permanent magnet
material is given in Fig. 3.10.

Figure 3.10: Magnetization curve for permanent magnet material NdFeB
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As seen in Fig.3.10, it is a linear line with a slope of 1,06μo = μr which is also the slope
of the recoil line, μo is called recoil permeability. The line equation of the
magnetization curve is given in Eq. 3.8.

(3.8)
Where:
is remanent value of B where H

0.

is recoil permeability (slope of recoil line).
is the magnetic field intensity.
is the apparent coercivity associated.

This information is used to determine the air gap magnetic motive force (m.m.f)
distribution. Our system is a three-phase,

/

of stator poles (The armature windings) and

machine, where p is the number
is the number of rotor poles. The

mathematical analysis was done for this structure. However, the rotor has permanent
magnets for poles rather than some excitation windings. Since the p /p ratio is equal
to 1.33, which is not an integer, thus there is no zero-torque position in this machine.
From the analysis of the generator system and in terms of electrical variables and the
configuration of the mechanical part, the expression of the energy stored in the
coupling fields was obtained. The related differential electrical energy may be obtained
from Eq. (3.9).
. .
Where

(3.9)
is the differential energy which was absorbed by the coupling field and

is the mechanical energy. The losses are included in the related terms. The
block diagram representation of the generator is shown in Fig. 3.11.
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Figure 3.11: Generator system

In the generator system, the electromotive force (e.m.f) or ( ) is greater than the load
voltage

(

, and the electromagnetic torque T is a counter torque opposing

rotation. the differential electrical energy from Fig .3.11 can be written as
.

.

(

.

.

(3.10)

For the magnetic field point of view, it can be assumed that, if the magnetic flux goes
straight across the air gap we can design the generator in such a way that the air gap
between rotor pole and stator pole is small compared with the radius of the rotor. In
this generator, where πd is the average circumference of the air gap, h is the height of
the air gap, and g is the depth of the air gap. Under these conditions, the air-gap
magnetic field intensity ( ) is confined to a ring between rotor poles and stator poles.
The line integral of

is

∗ g, and the result of (m.m.f) or (

of stator windings and

rotor magnetic field is:
∙

(3.11)

Where:

(3.12)
The m.m.f’s of the stator and the rotor magnetic fields are shown in Fig. 3.12 and
indicate the distribution of magnetomotor force (m.m.f) in the air gap. Where πd is the
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average circumference of the air gap, h is the height of the air gap, and g is the depth
of the air gap. The volume of the air gap is (π.d.g.h).

Figure 3.12: Distribution of magnetomotor force (m.m.f) in the air gap.

When the rotor turns 60°, it produces a one-cycle of sinusoidal electrical signal for one
phase, which means that one complete turn produces six cycles of electrical sinusoidal
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signals. As result, the relation between the mechanical angle θ and the electrical
angle θ is given in Eq.(3.13).

.
Where

(3.13)
6. The electrical signal waveforms of

is the pole factor. In our case

the phases are given in Fig. 3.13.

Figure 3.13: Electrical signal waveforms of the phases

When the rotor poles are in the line with the magnetic axis of a stator phase, the flux
linkage with a stator phase winding is

∙

∙

, where

is the air gap flux per

pole in weber. Under the assumption of that, the air-gap flux density is sinusoidal, and
its formula is:
(3.14)
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can be found as a line integral of the flux density over the pole area:

/
/

Where the angle

(3.15)

is measured from the reference position of the rotor,

is the

average radius of the air gap, and h is the volume of the air gap (the height of the
permanent magnet). As the rotor turns with the angular speed of

, the flux linkage

with any phase i (i is either a, b or c) of the stator coil is:
(3.16)
Or in electrical degrees,
(3.17)
The voltage induces in any phase i may be found by using Faraday’s law as follows,

(3.18)

By putting Eq. (3.17), into Eq. 3.18 and taking the derivative with respect to time, the
induced voltage can be obtained as

(3.19)

The first term in Eq. (3.19) is called “transfer voltage” and the second term is known
as “speed voltage”. In Eq. (3.19), φ is the net air-gap flux per pole. In steady state,
the first term is zero, since the amplitude of the air-gap flux wave is constant, thus the
generated voltage is simply the “speed voltage”. In other words, the induced voltage is
equal to the second term as follows:
(3.20)
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If the minus sign is omitted. The r.m.s value of this voltage can be written as

√2
The angular speed,

(3.21)
2

is used and

is the electrical frequency of the

generated voltage in Hz. As seen in Eq. (3.21), the generated voltage is dependent on
the frequency and the magnetic field. In this machine, the three voltages displaced 120°
electrical degrees in space and time. The machine is Y-connected as shown in Fig.
3.14. The coils a, a′ and a″ are connected in series and constitute the Phase a. Similarly,
Phase b and c are arranged in the same way. Eq. (3.21) gives the r.m.s value of the
line-to-neutral voltage, where

is the total number of series turns per phase.

Figure 3.14: (a) Machine windings and (b) Y-connected configuration

In the generator, the armature current creates a flux wave in the air gap and this flux
reacts with the flux created by the permanent magnets, and an electromagnetic torque
(Lorentz force) appears between them. The two magnetic fields tend to align
themselves. Resulted torque is opposite in direction to the direction of rotation. In order
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to overcome this torque and sustain the rotation, an external mechanical torque shall
be applied to the rotor. During experiments, the torque by means of an electrical DC
Motor connected to the shaft of the generator was applied to simulate wind energy.
Greater mechanical power input is necessary for greater electrical power output. The
electromagnetic torque and a rotational voltage are produced. The torque equation
besides the generated voltages can be expressed by the magnetic fields aligning
themselves. The torque equation can be written as

, .

Where

(3.22)

is m.m.f of the rotor ,

is m.m.f of the stator,

is the height of the magnet,

is the angle between the stator phase coil axis and permanent magnet axis, as shown
in Fig. 3.15, this is closer to the stator phase coil axis at t

0. The flux density is

.

We can write Eq. (3.22) as:

(3.23)

The stator coil parameters can be used to find the m.m.f of the stator as follows

(3.24)

Where k is constant,

.

, and

is the winding coefficient in range of 0.85

to 0.95.
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Figure 3.15: The angle between the stator phase coil and the magnetic axis

The m.m.f of the stator and the rotor are existed only when the generator is loaded, thus
the electromagnetic torque

can be given by Eq. (3.25) as:

.

.

.

(3.25)

Or

.

.

.

(3.26)

When the load is balanced, the electromagnetic torque equation can be written as

3.

.

(3.27)
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3.4

Equivalent Circuit of AFPM Generator

The internally generated voltage in the three phase of a synchronous generator
,

,

voltage

is not usually the voltage appearing at its terminals. It equals to the output
,

,

only when there is no armature current in the machine. Many reasons

to the armature internal voltage are not equal to the output voltage which they give the
distortion of the air-gap magnetic field caused by the current flowing in the stator
(armature reaction), Self-inductance of the armature coils and resistance of the
armature coils. Equivalent circuit of a three phase synchronous generator can be
defined as shown in Fig. 3.16, where L is inductance and R is coil resistance of the
stator. The output voltage equation to each phase is given below:

.

(3.28)

.

(3.29)

.

Where

,

,

(3. 30)

is electromotive force, which is defined in Eq.(3.20), and

, ,

line currents for each phase.

Figure 3.16: Equivalent circuit of a three phase synchronous generator
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are

In three phases of a synchronous generator, inductances and resistances in phases
a, b and c are the same, so the Fig. 3.16 can be simplified, as shown in Fig. 3.17.

.

(3.31)

Figure 3.17: Simplified Equivalent Circuit

Where
&

,

&

are the instantaneous voltages of three phases,

,

are instantaneous load currents of three phases of AFPMG and

is

the shaft speed of AFPMG in rad/sec.

3.5

Losses and Efficiency

In this generator, both stator and rotor do not have any ferromagnetic material (coreless
rotor or aluminum) ensures no change in the magnetic flux. Thus generating magnetic
losses and eddy current losses in rotor disks do not exist. In addition, the eddy current
losses in stator around winding are very small, so it can be neglected. All the losses are
copper losses and rotational mechanical losses.
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3.5.1 Stator Winding Losses
The stator (armature) winding resistance per phase is shown in Eq.(3.32).
∙

(3.32)

Therefore, the copper loss in the stator winding is:
(3.33)
where

is the number of phases and

is a stator (armature) current.

3.5.2 Rotational Mechanical Losses
The rotational mechanical losses

are a result of the bearings friction

the winding losses for a rotating the rotor P

, and

.
(3.34)

0.06

watt

Where k =1 to 3 m2/s2, m is the mass of the rotor in kg, m

(3.35)

is the mass of the shaft

in kg and n is the speed in r. p. m. The wind losses for rotating the rotor are:

2

C

Where:

(3.36)

.

(3.37)

is the coefficient of drag for turbulent flow.
is Air specific density (1.2 kg/m3)
is the radius of the shaft
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is the outer radius of the rotor
is the air dynamic viscosity (1.8 x 10-5 Pa.s)

3.5.3 The Efficiency
The efficiency (η) is the ratio between the output power and the input power. The total
losses of an AFPM machine are:

(3.38)

The Efficiency is

(3.39)

. .
Where: P

(3.40)
is electrical output power of the generator, and P

is the total losses

of the generator.

3.6

The Finite Element Analysis (FEA)

The finite element method is one of the most accepted numerical methods to solve
complicated fields when the analytical solutions are not enough. Finite element refers
to the method from which the solution is numerically obtained from a complicated
geometry. The complicated geometry is divided into small pieces (mesh) called finite
elements. There are many software used to solve electromagnetic field problems, one
of them is Ansoft Maxwell, which is a high-performance interactive software package
that uses finite element analysis (FEA) to solve electric or magnetic problems by
solving Maxwell's equations in a finite region of space. Figure 3.18, one stage with
region of space.
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Figure 3.18: One stage with region of space

The peak value of the magnetic flux density in the air gap B

can be determined by

using finite element method magnetic (ASOFT Maxwell) software. Fig. 3.19 gives the
distribution of magnets and as seen in red coloured regions the peak value of the
magnetic flux density is about 1.0 tesla for each magnet, also flux density direction or
lines vector of each magnet in the rotor is illustrated in Fig. 3.20.

Figure 3.19: Magnetic flux density distribution
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Figure 3.20:Flux density Vectors from the rotor

The determined peak values of the air gap flux density are B

= (0.350, 0.250,

0.200) Tesla at air gap (2, 4, 6) mm respectively, as illustrated in Fig. 3.21.
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Figure 3.21:The peak values of flux density in the air gap with different sizes :
(a) air gap (2 mm), (b) air gap (4 mm), (c) air gap (6 mm),

3.7

MATLAB/Simulink Simulation

One stage of the generator was simulated by using MATLAB/SIMULINK as
illustrated in Fig 3.22, and for simulating wind speed, the Simulink was used to create
mechanical rotational speed at variable speed with time as shown in Fig. 3.23 and Fig
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3.24. The simulation results of the generator output voltage and current have been
recorded as shown in Fig. 3.25 and Fig. 3.26. It could be noted that, the output voltage
increased and decreased depending on the speed of the generator.

Figure 3.22: The simulation block diagram for the system
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Figure 3.23: Mechanical rotational speed for variable speed

Figure 3.24: Mechanical rotation speed Vs time
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Figure 3.25: Three phase output voltage vs time

Figure 3.26: One phase output current vs time
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3.7.1 Summary
In this chapter, coreless three-phase multi stages axial flux permanent magnet
generator (MS-AFPMG) has been designed, modelled, and analysed. The size of the
generator depends on the input power available and the output power required. The
size PM and the dimension of the coil are depends on the distance between the outer
diameter and inner diameter. The stator was manufactured by using a nonferromagnetic material (Plexiglas) in which the stator coils were embedded, this
material was selected to demount and modify the stator parts easily. During the
beginning days, the frame of the rotor was also constructed from non-ferromagnetic
material (Plexiglas) supporting the neodymium permanent magnets. After that, the
frame of the rotor (the rotor disc) was changed to aluminium because the aluminium
was better than Plexiglas. The m.m.f of the stator and the rotor were existed only when
the generator was loaded. Both stator and rotor don’t have any ferromagnetic material
(coreless rotor or aluminium), hence there is no change in the magnetic flux, and
generating magnetic losses and eddy current losses in rotor disks do not exist. The
density of magnetic flux has been calculated mathematically to find the size of the
generator, then finite element method ANSOFT MAXWELL Software was used to
determine the value of the density of magnetic flux with different dimensions of the
air gap. Arrangements of coils are necessary to get angles of 120° degrees between
each pair of phases. The simulation results and behaviour of the AFPM generator (one
stage) which is designed under variable speed have been shown by using MATLAB
(Simulink). The R-L loads were connected to know the behaviour and the current
signal form of the generator. It can be noted that, the generator voltage output increased
and decreased depending on the shaft speed. If the speed increased, the output voltage
and current would increase and vice versa. The waveform of the stator phase voltage
was found sinusoidal. Arrangement coils for getting 120-degree angle between each
two phases was confirmed.
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CHAPTER 4

Electronic Circuit and Controller Design

4.1

Electronic Circuit with Controller Unit

The generator which was designed contains four stages, every stage consisted of two
stators and one rotor. Two stators in each stage were electrically connected in series
by electronic board, as illustrated in Fig .4.1. Four stages were connected in parallel or
in series to keep the output voltage of the generator in the desired range. The outputs
of all stages were rectified (AC to DC) and connected with each other in series or in
parallel depending on the wind speed by the control unit.

Figure 4.1: Electronic circuit with controller unit
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The electronic board which was already designed consists of:
- Eight , three phase full-wave circuit rectifier
- Power resistances
- Optical relay
- Control unit
4.1.1 Three Phase Full-Wave Circuit Rectifier
The three-phase full-wave circuit rectifier requires six diodes and capacitor, as shown
in Fig. 4.2.

Figure 4.2: Three-phase full-wave circuit rectifier

4.1.2 Power Resistances
When we need to connect two sources in parallel, there might be slight difference in
voltage between them. Therefore, we should put power resistor. The power resistor is
shown in Fig. 4.3 between them to remove the voltage difference.
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Figure 4.3: Power resistor

4.1.3 Board Power Relays
The board has 8- optical relays as shown in Fig. 4.4, all of these relays input controls
are Active LOW, meaning that setting a pin LOW turns them ON.

Figure 4.4: Board power relays
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4.1.4 Tachometer Generator
Tachometer generator (or tachogenerator) is an electromechanical device providing a
voltage proportional to a rotation speed of the shaft as shown in Fig. 4.5. The device
usually displays the Revolutions Per Minute (r.p.m) on a calibrated analogue digits.
By measuring the voltage produced by a tachogenerator, the rotational speed of the
shaft could be easily determined. In our work, a small DC motor was used as
tachogenerator and calibrated by a CNN machine. The tachogenerator connected
mechanically to the center of the shaft receives speed of the generator and converts the
speed it to an electrical signal. This signal (speed) was implemented by Arduino Mega
device that linking to MATLAB program as shown in Fig 4.6, see Appendix (B).

Figure 4.5: Tachometer generators

Figure 4.6: Implementation of the generator speed control by
MATLAB with Arduino Mega routines
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4.2

Control Unit

The automatic control was implemented by using Arduino controller device to control
the output voltage of the generator with variable speed. The speed signal was received
from speed sensor to the Arduino which controls the stages connection (series or
parallel). The signal coming from the divider senses the output voltage in order to
control the main switch depending on the required rate of the voltage. The control unit
controls the output voltage or output power at the required range. Output stages of this
generator are the same at any speed and the range of these stages from 0 to 60 volts at
a speed between 0 to 600 r.p.m.
Therefore, we can select the range of output required during this level such as (5 to
10), (10 to 20), (20 to 40), and so on. A (20 to 40) volt was selected as a sample to
explain the algorithm and how the control unit works as shown in Fig 4.7. If the speed
of the shaft changed, the controller would change the stages’ linking to keep output
voltages range. Software program of the Arduino is illustrated in Appendix (E). The
output of all stages can be connected either in parallel or in series for keeping the output
power rate within the desired range.
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Figure 4.7: Flow chart of the controller

64

4.3

Summary

In this chapter, the electronic board was designed. This board contains relays, power
resistance and rectifier circuits. Relays were used for linking all stages in parallel or
series. The power resistance was used to eliminate the difference of voltage between
the output stages. Furthermore the rectifier circuits were used to rectify the output of
all stages (AC to DC). The DC motor was calibrated to be used as a tachogenerator for
measuring the shaft speed. This signal (shaft speed) was implemented in MATLAB by
Arduino Mega device. Arduino controller device was used as the control unit to control
the output voltage of the generator with variable speed. When the speed of the shaft
changed, the controller would change the stages’ linking to keep output (voltages or
power) range.
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CHAPTER 5

Experiments and Results

After fabrication, the AFPM generator model has been placed under test. The testing
consists of a variable speed DC motor to simulate the wind during the experiments,
which has been coupled with AFPMG model. The experimental results of one stage
(one rotor – double stators) and multi stage of the generator presented at the end of this
chapter. The test was prepared with tachometer to measure shaft speed and a multimeter was put to measure the single-phase voltage, current and frequency. Thus,
complete testbed is as shown in Fig. 5.1. All experiments results are given in tables
illustrated in Appendix (F).

Figure 5.1: Multi-Stage AFPMG under test
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5.1

First Experiment

The first experiments was done on one stage (double stator-single rotor) to check and
verify the phase angle, air gap effect, initial torque, and electromagnetic torque.
Moreover, we put small iron pieces at the centre of the stator windings to check the
effect of the performance of the output generator.
5.1.1 The Phase Angle
The output voltage waveforms of the generator increased when the speed of the
generator increased as shown in Fig. 5.2. A phase difference of 120 degrees is obtained
between each pairs of the phases. No change in phase angle when the speed of the shaft
was changed.

Figure 5.2: (a) The output voltage at 100 R.P.M. (b) The output voltage 200
R.P.M. (c) The output voltage at 300 R.P.M
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5.1.2 Effect of The air Gap
Every stage has two stators (s1, s2) and they can be connected to each other either in
parallel or in series depending on the speed of the rotor. The impact of the air gap size
on the output voltage appeared, when the air gap increased and the magnetic flux
density decreased. Thus the output voltage decreased as illustrated. Fig. 5.3, and Fig.
5.4. The effect of the air gap distance on the output voltage of the generator at fixed
speed 300 R.P.M was noted as shown in Fig. 5.5. When the air gap size was changed,
the output voltage was also changed, so it means that we could control the output by
controlling the air gap size.

Figure 5.3: The air gap effect on the output voltage of
the generator when s1 & s2 in series
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Figure 5.4: The air gap effect on the output voltage of
the generator when s1 & s2 in parallel

Figure 5.5: The air gap effect on the output voltage of
the generator at fixed speed (300 R.P.M)
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5.1.3 The torque in Coreless AFPM Generator (One stage)
A coreless generator does not produce any normal attractive force between the stator
and rotor at no load. Thus, there are two types of torques namely, the initial torque at
the beginning and the electromagnetic torque when the load existed.
a. The Initial Torque
The initial torque T

0.0734 N. m, was calculated using Eq.2.3.

b. The Electromagnetic Torque
The electromagnetic torque has been calculated by using Eq.3.26 at load resistor of 50
Ω. When the air gap size is small as possible the air gap flux density would increase,
which in turn improves the electromagnetic torque, as illustrated in Fig. 5.6.

Figure 5.6: The electromagnetic torque at load of 50 Ω
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5.1.4 Placement Small Iron Pieces at The Center of The Stator Windings
This experiment was done with small iron pieces at the center of the stator windings.
This helped to focus the flux through the center of each coil for improving the
performance, and results in different speeds the output voltages of the generator. Fig.
5.7 shows the relationship between the shaft speed and output DC voltage of the
generator. It was noted that the output voltage increased from 28% to 32% when small
pieces of iron was inserted in the coils as compared with the situation without iron
pieces.

Figure 5.7: Relationship between the shaft speed and output DC voltage
of the generator with and without small piece of irons.

71

5.2

Second Experiment

The second experiments was done on all stages such that all the stages were working
on the same shaft which means the same rotational speed. The stages of the generator
(four stages) could be connected either in parallel or in series as seen in Fig.5.8. The
electronic board was used to give the voltage range that is desired. All stages could be
connected by manual switch (manual control) or by control unit (automatic control).

Figure 5.8: Connecting stages of the generator
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5.2.1 Manual Control
The output of all stators could be connected either in parallel or in series to enhance
the voltage or current rating.
5.2.1.1 No Load Test
The no-load voltage characteristics of the generator against variable shaft speed are
shown in Fig. 5.9. We got the maximum output voltage of the generator at no load
when all stages were connected in series, and the minimum output voltage when just
one stage was working.

Figure 5.9: DC Voltage Characteristics at no-load

5.2.1.2 Load Tests
The load test has been performed on MS-AFPMG model with different loads, to know
the behaviour, specifications and efficiency of the generator.
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a.

DC Voltage Characteristics at Different load (25, 50, 100, 150) Ω

The voltage load characteristics depend on the load and the wire coil diameter. The
maximum voltage obtained when every two stages were connected in ‘series and in
parallel’ at load of 25 Ω as shown in Fig. 5.10. In Fig. 5.11 when the load was 50 Ω,
the maximum voltage is obtained when all stages were connected in series. Moreover,
it was noted that, when 3 stages in series, every two stages ‘in series and in parallel’,
and 4 stages in parallel were connected, the voltage load values would nearly be the
same values. As illustrated in Fig. 5.12, at load of 100 Ω, the maximum voltage
appeared when all stages were connected in series. The two configurations in the
following give the same results. The first configuration is such that three stages are all
connected in series. The second one is such that each of the two stages are connected
in parallel and then the parallel pairs are connected in series. When the load was 150
Ω as illustrated in Fig. 5.13, the maximum voltage for all stages resulted when they
were connected in parallel. In contrast, the minimum voltage resulted when only one
stage was working. Thus, the connection type to give more voltage is depending on the
load.

Figure 5.10: DC Voltage Characteristics at load 25 Ω
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Figure 5.11: DC Voltage Characteristics at load 50 Ω

Figure 5.12: DC Voltage Characteristics at load 100 Ω
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Figure 5.13: DC Voltage Characteristics at load 150 Ω

b.

DC Current Characteristics at Different Load (25, 50, 100, 150) Ω

As known, the load current is directly proportional to the load voltage, therefore the
highest value of the current occurs at the highest value of the output voltage, as shown
in Fig. 5.14. When the load resistance was decreased, the maximum current increased
as illustrated in Fig. 5.15, Fig. 5.16, and Fig. 5.17.The maximum value of the current
which could be taken from the generator depends on the diameter of coils wire. In this
research, small diameter has been used to get more number of windings and as a result
get more voltage.
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Figure 5.14: DC Current Characteristics at load 25 Ω

Figure 5.15: DC Current Characteristics at load 50 Ω
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Figure 5.16: DC current Characteristics at load 100 Ω

Figure 5.17: DC current Characteristics at load 150 Ω
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c.

Output DC Power at Different Load (25, 50, 100, 150) Ω

The output power of the generator depends on the load which is connected to the
generator. To get maximum external power or maximum power transfer from the
generator with internal resistance of the generator, the resistance of the load should be
equal the internal resistance of the generator. In this generator, the internal resistance
is not fixed, because the stages are changing depending on the shaft speed. In Fig. 5.18
at a load of 25 Ω, the maximum output power was obtained when every two stages
were connected in series and parallel, also the power nearly the same when all stages
were connected in series and all stages connected in parallel. But in Fig. 5.19 and Fig
5.20 , at a load of 50 and of 100 Ω respectively, the maximum output power was
obtained when all stages were connected in series, the power is nearly the same when
every two stages were connected in ‘parallel and series’, and 3 stages were connected
in series. As illustrated in Fig 5.21, the maximum output power of the generator was
obtained when all stages were connected in series at a load of 150 Ω.The minimum
power was recorded when just one stage was connected and worked at all loads . The
maximum output power of the generator was obtained when the resistance of the load
was at the largest resistance (150 Ω).

Figure 5.18: Output DC Power at 25 Ω
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Figure 5.19: Output DC Power at 50 Ω

Figure 5.20: Output DC Power at 100 Ω
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Figure 5.21: Output DC Power at 150 Ω

d.

The Efficiency at Different Loads (25, 50, 100, 150) Ω

The efficiency (η) is the ratio between the output power and the input power. At loads
of 25 Ω and 50 Ω the best efficiency was gained when all stages were connected in
parallel. In contrast, the lowest efficiency was recorded when all stages were connected
in series as shown in Fig. 5.22.and Fig. 5.23. As illustrated in Fig 5.24, at 100 Ω the
best efficiency was gained at a shaft speed less than 250 r.p.m, as well as, when 3
stages were connected in series. But when the shaft speed was increased beyond 250
r.p.m, the best efficiency was gained when every two stages were connected in ‘parallel
and series’. At a load of 150 Ω, the best efficiency receved during shaft speed about
140 r.p.m or less, as well as, when 3 stages were connected in series. But when the
shaft speed was increased beyond 140 r.p.m, the best efficiency was obtained when
every two stages were connected in parallel and series as illustrated in Fig 5.25. Thus,
through the analysis and discussion of the efficiency curves it can be said that, the best
efficiency (percentage) of the generator would be obtained when the load resistance is
equal to 100 Ω. In general the efficiency depends on input and output power. In
addition, to achieve maximum efficiency of the generator, the internal resistance of the
generator should be as small as possible.
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Figure 5.22: The Efficiency at 25 Ω

Figure 5.23: The Efficiency at 50 Ω
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Figure 5.24: The Efficiency at 100 Ω

Figure 5.25: The Efficiency at 150 Ω
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5.2.1.3 Torque Test
The initial torque T

0.1223 N. m , was calculated by using Eq. (2.3). The

electromagnetic torque occurred when the load exists, thus if the load value is changed,
the electromagnetic torque will change. The electromagnetic torque was calculated by
using Eq (3.27) at different resistive loads of RL=25, 50, 100, and 150 Ω. The
maximum torque (electromagnetic torque) was obtained at a load of 25 Ω, when every
2 stages were connected in parallel and series, as illustrated in Fig 5.26. At a load of
50 Ω, the maximum torque was obtained when all stages were connected on series.
Moreover, it can be noted that, when 3 stages were connected in series and every two
stages were connected in ‘parallel and series’, the electromagnetic torque is nearly the
same value in both situation as shown in Fig 5.27. At loads of 100 and 150 Ω, the
maximum torque was obtained when all stages were connected in series, as shown in
Fig 5.28 and Fig 5.29. The minimum torque was recorded at all loads when just one
stage was connected with loads.

Figure 5.26: The Electromagnetic torque at 25 Ω
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Figure 5.27: The Electromagnetic torque at 50 Ω

Figure 5.28: The Electromagnetic torque at 100 Ω
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Figure 5.29: The Electromagnetic torque at 150 Ω

5.2.2 Automatic Control
The output voltage or the power should be in desired range, as illustrated previously
in the flow chart Fig. 4.7. The output of all stages can be connected either in parallel
or in series for keeping the output voltage or the output power rate within the desired
range.
5.2.2.1 Voltage Control at No-Load
The output voltage should be between 20 V and 40 V at no-load. If the speed of the
shaft is changed as shown in Fig. 5.30 the controller would change the stages linking
to keep the output voltages at the desired range level. As noted in Fig 5.31, all stages
were connected in series when the shaft speed was between 100 and 150 r.p.m, but
when the speed was between 150 and 200 r.p.m, only 3 stages were connected in series.
When the speed is increased and fluctuated between 200 and 380 r.p.m, every two
stages were connected in ‘series and parallel’, but if the speed shaft is increased more
than 380 r.p.m, just one stage could be used or connected to keep the desired voltage.
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Figure 5.30: DC Voltage control at No-load

Figure 5.31: DC Voltage stages control at No-load
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5.2.2.2 Power Control at Different Loads
This experiment was done with different loads to check if the controller worked as
desired. The output of all stages could be connected automatically either in parallel or
in series to keep the desired output power range. This generator contains four stages.
When all stages are operational at the same time, the generator needs maximum input
power, so whenever the numbers of operational stages is reduced, the lower input
power would be needed, which gives better efficiency.
a.

Power Stages Control at a Load of 150 Ω

Assumed that, the output power should be between 5W- 15W at a load of 150 Ω.
Whenever the speed of the shaft changes as shown in Fig 5.32 the controller would
change the stages linking to keep the output power in range. Fig 5.33 illustrated
controller working, where all stages were connected in series when the shaft speed was
between 250 - 300 r.p.m, but when the speed was between 300 to 330 r.p.m, only 3
stages were connected in series. Nevertheless, when the speed increased but still
between 330 - 500 r.p.m, every two stages were connected in ‘series and parallel’, as
well as, when shaft speed increased but still between 500 and 600, all stages were
connected on parallel. Finally, if shaft speed increased more than 600 r.p.m just one
stage could be used or connected to keep the desired power.
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Figure 5.32: Power control at load 150 Ω

Figure 5.33: Power stages control at load 150
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b.

Power Stages Control at a Load of 100 Ω

In Fig. 5.34, the output power was assumed between 5W – 15W at a load of 100 Ω.
When the speed of the shaft is changed, the controller would change the stages linking
to keep the output power in range. Fig. 5.35 illustrates the power stages control. All
stages were connected in series when the shaft speed was between 260 -300 r.p.m, but
when the speed was between 300 - 345 r.p.m, one stage was eliminated and 3 stages
were connected in series. Furthermore, when the speed is increased but still between
345 - 400 r.p.m, every two stages were connected in ‘series and parallel’. However,
when the shaft speed is increased, but still between 400 - 660, all stages were connected
in parallel. Finally, if the shaft speed is increased more than 660 r.p.m, just one stage
could be used or connected to keep the desired power.

Figure 5.34: Power control at load 100 Ω
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Figure 5.35: Power stages control at load 100 Ω

c.

Power Stages Control at a Load of 50 Ω

At a load of 50 Ω as illustrated in Fig. 5.36, the desired output power was assumed
between 5W – 10W. Whenever the speed of the shaft is changed, the controller would
change the stages linking to keep the output power in range. Fig. 5.37 shows the power
stages control, the shaft speed was between 275 - 325 r.p.m, and all stages were
connected in series to keep output power range. Two conditions had the same value,
when 3 stages were connected in series or every two stages were connected on ‘series
and parallel’, when the speed was between 325 – 360 r.p.m. Therefore, any of these
cases that would give more efficiency could be selected. However, when the speed
increased but still between 360 - 480 r.p.m, all stages could be connected in parallel.
Finally, if shaft speed is increased beyond than 480 r.p.m, just one stage could be used
or connected to keep the desired power.
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Figure 5.36: Power control at load 50 Ω

Figure 5.37: Power stages control at load 50 Ω
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d.

Power Stages Control at a Load of 25 Ω

In Fig. 5.38 at load 25, the desired output power was assumed between 5W – 10W.
When the speed of the shaft changed, the controller would change the stages linking
to keep the output power in range as illustrated Fig. 5.39. When the shaft speed was
between 300 – 340 r.p.m, the maximum power was obtained when every two stages
connected in ‘parallel and series’. Two conditions had the same value, when all stages
were connected in series, or all stages were connected in parallel when the speed was
between 325 - 445 r.p.m. Therefore, any of these cases that would give more efficiency
could be selected. However, when the speed increased but still between 435 - 500
r.p.m, 3 stages could be connected in series to get the desired power. In addition, if
shaft speed increased more than 650 r.p.m, one stage might be used or connected to
keep the desired power.

Figure 5.38: Power control at load 25 Ω
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Figure 5.39: Power stages control at load 25 Ω

5.3

Summary

The multi stage AFPM generator model was tested and many experiments were
conducted . One stage (one rotor – double stators), and multi stage of the generator
were implemented in this chapter. DC motor was used to simulate the wind during the
experiments.The first set of experiments were done on one stage (double stator-single
rotor) to check and verify the phase angle, air gap effect, initial torque, and
electromagnetic torque. As well as, to check the performance of the output generator
when putting a small iron piece at the center of the stator windings. The size of iron
piece should be taken into account since losses in the generator would increase if the
size of the piece is increased. Thus, the attractive force between the stator and rotor at
no load would appear.
The second set of experiments were done on all stages at no-load test and with different
loads to check and analyse the behavior of the generator. At no load, the maximum
output voltage of the generator would be received when all stages connected in series,
and the minimum output voltage would be obtained when just one stage works.
However, the load voltage, current, and output power characteristics depend on the
load value. To get maximum external power or maximum power transfer from the
generator with internal resistance of the generator, the resistance of the load should be
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equal to the internal resistance of the generator, but the internal resistance in this
generator would not be fixed, because the stages linking were changed depending on
the shaft speed. Through analysis and discussion of the efficiency curves, it can be said
that, the best efficiency (percentage) of the generator would be obtained when the load
resistance was equal to100 Ω. In general, the efficiency depends on the input and the
output power, so to achieve maximum efficiency of the generator, the internal
resistance of the generator should be as small as possible.
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CHAPTER 6

DISCUSSION and CONCLUSION

6.1

Discussion and Conclusion

The gearbox has a lot of disadvantages such as mechanical body, noise, high cost, size,
and low efficiency. To overcome these problems, we should eliminate the gearbox and
operate the generator without any gearboxes. Thus, a coreless three-phase multi stages
axial flux permanent magnet generator (MS-AFPMG) has been designed, modelled,
analysed, and controlled in this research. The size of the generator depends on the
output power required. The stator was manufactured by using a non-ferromagnetic
material (Plexiglas) in which the stator coils were embedded. This material was
selected to ease the separation and modification of the stator parts. At first, the rotor
was constructed from non-ferromagnetic material (Plexiglas) which supports the
neodymium permanent magnets, but after that the rotor disc material was changed to
aluminium material, because the aluminium is stronger and more solid than Plexiglas.
The m.m.f of ‘stator and rotor’ was existed only when the generator was loaded. Stator
and rotor did not have any ferromagnetic material, ensuring no change in the magnetic
flux. Thus, generating magnetic losses and eddy current losses in rotor disks did not
exist. The density of magnetic flux has been calculated mathematically to find the size
of the generator, then finite element method ANSOFT MAXWELL Software was used
to determine the value of the density of magnetic flux with different dimensions of the
air gap. Arrangement of coils were necessary to get angles of 120° degrees between
each pair of phases. The simulation results and behaviour of the AFPM generator (one
stage) which was designed under variable speed have been shown by using MATLAB
(Simulink). The R-L loads were connected to observe the behaviour and the current
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signal form of the generator. It can be noted that, the generator voltage output increased
and decreased depending on the shaft speed, if the speed increased, the output voltage
and current would increase and vice versa.
The electronic board was designed. This board contains relays, power resistance, and
rectifier circuits. Relays were used to link all stages in parallel or series, as well as,
the power resistance was used to eliminate the difference in voltage between the output
stages. Moreover, the rectifier circuits were used to rectify the output of all stages (AC
to DC). The DC motor was calibrated to use it as tachogenerator for measuring the
shaft speed, this signal (shaft speed) was implemented in MATLAB by Arduino Mega
device. Arduino controller device was used as control unit to control the output voltage
of the generator with variable speed. When the speed of the shaft is changed, the
controller would change the stages linking to keep output (voltages or power) range.
The AFPM generator model was tested with all experiments were implemented by
using , one stage (one rotor – double stators), and multi stage of the generator. DC
motor was used to simulate the wind during the experiments.The first set of
experiments were done on one stage (double stator-single rotor) to check and verify
the phase angle, air gap effect, initial torque, and electromagnetic torque. As well as,
to check the effect on performance of the output generator when a small iron piece
were put at the center of the stator windings. The second experiment were done on all
stages at no-load test and with different loads to check and analyses the behavior of
the generator. At no load, the maximum output voltage of the generator would be
obtained when all stages connected in series, and the minimum output voltage when
just one stage worked. On the other hand, with load voltage, current, and output power
characteristics depended on the load value.To get maximum external power or
maximum power transfer from the generator with internal resistance of the generator,
the resistance of the load should be equal to the internal resistance of the generator, but
in this generator the internal resistance is not fixed, because linking of the stages are
changing depending on the shaft speed. Through analysis and discussion of the
efficiency curves, it can be said that, the best efficiency (percentage) of the generator
was obtained when the load resistance was equal to 100 Ω. In general the efficiency
depends on input and output power, to achieve maximum efficiency of the generator,
the internal resistance of the generator should be as small as possible.
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6.2

Recommendations

The following are recommendations for further research:
There are ways to improve the performance of our generator, some of them to achieve
improvement in the performance are:
- More accurate fabrication process in order to have more precise air-gap spaces
between the rotor disk and the stator. Thus the more voltage can be obtained from the
generator.
- Use stronger magnets, which will increase the flux density in the generator air-gap.
Moreover, any increase in number of turns of coils also results in higher AC voltages,
which in turn increase output power and generator efficiency.
- Increase the number of stages (but this depends on the available space where the
generator will be put).
- The output of every stator should be different from others, so we can reduce the band
width of the output generator.
- Replace Plexiglas material with other materials which bear temperature such as
Epoxy or others.
- Obtain suitable methods to cool the stator coils, so they can take larger load current
from the generator.
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Appendix - A

Calculation of the constant number

2.

.

.ɳ.

∅

Where

ɳ

The winding coefficient, from:

0.80 to 90

Expected efficiency

:

70% to 85%

∅ Expected power factor

:

0.80 to 0.90

1

1

≅1

√3

The line current density
√2
.

/

Where :
:

Number of turns per phase

:

Number of phases

:

Maximum current per phase, dependent on the diameter of the wire.

:

Outer radius of the stator.
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Appendix - B

The type of magnet (neodymium iron boron (NdFeB42) that was chosen for this
project.

Fig.B.1:- Neodymium iron boron (NdFeB42) magnet shape

Fig.B.2:- Fig.B.1:- Neodymium iron boron (NdFeB42) magnet specifications
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Fig.B.3:- Magnetization curve for permanent magnet material NdFeB
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Appendix - C

Fig.C.1:-Diagram of the stator

Fig.C.2.Stator body (Plexiglas)
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Fig.C.3. Cover of the stator (Plexiglas)

Fig.C.4. Putting coils in the stator body
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Fig.C.5. Rotor body (Plexiglas)

Fig.C.6. Rotor body (aluminum)
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Fig.C.7. Putting PM magnet in the rotor body

Fig.C.8. Rotor body as a 3D (aluminum)
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Appendix - D

DC motor working as a tachogenerator and its calibration by CNN machine.

Volt (V)
0
0.124
0.247
0.37
0.494
0.618
0.742
0.866
0.99
1.11
1.23
1.36
1.48
1.61
1.73
1.85
1.98
2.1
2.23
2.35
2.58
4.96

Calibration of DC motor as a
tachogenerator
6
5
DC Volt (V)

Speed(R.P.M)
0
50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000
2000

4
3
2
1
0
0

500

1000
1500
Speed (R.P.M)

2000

2500

Fig.D.1. Calibration of DC motor as a tachogenerator

Implementation of shaft speed in the laptop by MATLAB along with Arduino Mega
device.

Fig.D.2. MATLAB along with Arduino Mega device.
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Appendix - E
const int numReadings =30;
int readings[numReadings];
int readIndex = 0;
int total = 0;

// the readings from the analog input

// the index of the current reading
// the running total

int average = 0;

// the average

int inputPin = A0;
int LED [8] = {2, 3, 4, 5, 6, 7, 8, 9};
; void setup() {
// initialize serial communication with computer:
Serial.begin(9600);
for (int i = 0; i < 8; i++) {
pinMode(LED[i], OUTPUT);
}
// initialize all the readings to 0:
for (int thisReading = 0; thisReading < numReadings; thisReading++) {
readings[thisReading] = 0;
}}
void loop() {
// read from the sensor:
readings[readIndex] = analogRead(inputPin);
// add the reading to the total:
total = total + readings[readIndex];
// advance to the next position in the array:
readIndex = readIndex + 1;
// if we're at the end of the array...
if (readIndex >= numReadings) {
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// ...wrap around to the beginning:
readIndex = 0;
}
// calculate the average:
average = total / numReadings;
// send it to the computer as ASCII digits
int val = average /3;
Serial.println(val);
for (int i = 0; i < 8; i++) {
digitalWrite(LED[i], LOW);
digitalWrite( LED[0], HIGH);
}
//V/5v *1023 to the computer as ASCII digits
if (val > 20 && val <= 38) { //
digitalWrite( LED[0], HIGH);
digitalWrite( LED[1], LOW);
digitalWrite( LED[2], LOW);
digitalWrite( LED[3], LOW);
digitalWrite( LED[4], LOW);
digitalWrite( LED[5], LOW);
digitalWrite( LED[6], LOW);
digitalWrite( LED[7], HIGH);
} else if (val > 38 && val <= 52) {
digitalWrite( LED[0], HIGH);
digitalWrite( LED[1], LOW);
digitalWrite( LED[2], LOW);
digitalWrite( LED[3], LOW);
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digitalWrite( LED[4], LOW);
digitalWrite( LED[5], HIGH);
digitalWrite( LED[6], LOW);
digitalWrite( LED[7], HIGH);
} else if (val > 52 && val <= 80) {
digitalWrite( LED[1], LOW);
digitalWrite( LED[2], LOW);
digitalWrite( LED[3], HIGH);
digitalWrite( LED[4], HIGH);
digitalWrite( LED[5], LOW);
digitalWrite( LED[6], LOW);
digitalWrite( LED[7], HIGH);
} else if (val > 80 ) {

digitalWrite( LED[0], HIGH);
digitalWrite( LED[1], HIGH);
digitalWrite( LED[2], LOW);
digitalWrite( LED[3], LOW);
digitalWrite( LED[4], LOW);
digitalWrite( LED[5], LOW);
digitalWrite( LED[6], LOW);
digitalWrite( LED[7], HIGH);
}
delay(100); // Small delay for the Serial to send
}
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Appendix - F

1‐ The air gap effect on the output voltage of the generator with variable speed.

The air gap effect on the output voltage
of the generator when (S1 & S2 in series)

r.p.m
50
100
150
200
250
300
350
400
450
500
550
600
650

2 mm
7.30
12.20
18.50
23.20
27.40
33.70
39.60
45.00
51.30
56.40
61.20
67.60
78.60

4 mm
6.00
11.00
16.00
20.50
25.60
31.00
37.00
42.00
48.00
53.00
58.00
64.00
75.00

The air gap effect on the output voltage of
the generator when (S1 & S2 in parallel)

6 mm
4.3
8.4
13.8
18.3
22.75
27
33.2
38
44.3
48
53.4
58
69

r.p.m
50
100
150
200
250
300
350
400
450
500
550
600
650

2 mm
4.98
7.50
11.00
12.30
14.00
16.50
20.00
22.50
25.00
28.40
33.00
36.00
38.00

4 mm
2.50
5.00
7.60
10.00
12.00
14.40
17.50
20.00
24.00
26.00
30.00
32.50
36.00

6 mm
1.80
3.00
5.50
6.00
8.00
11.00
14.00
16.00
18.00
22.00
24.00
27.00
31.00

2 - The air gap effect on the output voltage of the generator at fixed speed (300 r.p.m)

Air gap (mm)
2
4
6
8

S1&S2 Parallel
16.40
14.60
11.00
6.50
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S1&S2 Series
33.70
31.00
27.00
19.50

3- The electromagnetic torque at load 50 Ω

r.p.m
50
100
150
200
250
300
350
400
450
500
550
600

S1&S2 Parallel
0.18
0.22
0.40
0.57
0.64
0.77
0.93
1.18
1.25
1.45
1.57
1.64

S1&S2 Series
0.15
0.20
0.30
0.43
0.50
0.63
0.76
0.90
1.00
1.18
1.30
1.34

4-Without iron pieces with iron pieces

R.P.M
100
200
300
400
500
600

without iron pieces

with iron pieces

7.00
10.20
14.60
20.30
26.30
32.60

8.96
13.06
19.27
25.98
34.45
43.00
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5- At no load

R.P.M 4 stages

3 stages

100
200
300
400
500
600
650

15.00
27.20
45.20
67.40
85.60
105.50
117.00

19.00
39.30
63.00
82.50
100.00
130.00
141.00

2 stages in
parallel and series
11.00
20.50
31.00
42.00
53.00
64.00
75.00

all stages
in parallel
7.00
10.20
14.60
20.30
26.30
32.60
36.40

6- Load Voltage Characteristics at (25 Ω)
R.P.M 4 Stages
series

3 Stages
series

100
200
300
400
500
600

2.00
4.80
9.00
12.00
15.30
18.50

2.50
6.00
10.50
14.00
18.40
23.20

2 Stages in
parallel and
series
2.80
7.20
11.30
15.80
20.20
24.70

one
stage

4 Stages
parallel

1.70
2.80
4.50
7.20
8.00
10.00

2.00
7.30
10.30
14.40
18.00
22.60

one
stage

4 Stages
parallel

2.00
4.50
7.00
10.30
13.00
16.20

3.50
8.00
14.20
18.30
24.80
30.00

7- Load Voltage Characteristics at (50 Ω)

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

4.00
10.20
17.00
25.00
32.00
38.00

3.20
8.30
14.89
19.00
23.30
28.10
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2 Stages
in parallel
and series
3.00
8.60
15.00
20.00
25.50
31.00

8- Load Voltage Characteristics at (100 Ω)

R.P.M 4 Stages
series
100
200
300
400
500
600

5.00
15.00
26.00
36.00
45.00
55.50

3 Stages 2 Stages
series
in parallel
and series
4.00
5.00
12.50
12.00
22.00
20.00
30.00
28.30
38.00
36.60
47.50
45.00

one
stage
2.00
5.60
8.40
13.50
17.30
21.20

4
Stages
parallel
4.20
10.10
17.20
23.10
28.20
35.80

9- DC Voltage Characteristics at load 150 Ω

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

8.00
21.00
32.00
48.00
62.00
74.00

5.00
16.00
27.00
40.00
51.00
63.00

2 Stages in
parallel
and series
4.30
15.00
24.00
35.00
47.00
58.00

one
stage
2.50
7.00
11.00
16.50
22.50
26.60

4
Stages
parallel
3.80
8.40
15.00
20.10
27.00
32.00

10- Load Current Characteristics at (25 Ω)

4 Stages
R.P.M series

3 Stages
series

100
200
300
400
500
600

0.08
0.20
0.35
0.48
0.62
0.75

0.10
0.24
0.40
0.56
0.74
0.93

2 Stages
in parallel
and series
0.11
0.28
0.45
0.63
0.81
0.98
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one
stage

4 Stages
parallel

0.07
0.12
0.18
0.28
0.33
0.40

0.08
0.29
0.42
0.58
0.73
0.90

11- Load Current Characteristics at (50 Ω)

R.P.M 4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.08
0.18
0.30
0.43
0.52
0.64

0.08
0.22
0.35
0.47
0.57
0.66

2 Stages in
parallel
and series
0.06
0.17
0.28
0.40
0.49
0.58

one
stage

4 Stages
parallel

0.03
0.09
0.15
0.22
0.28
0.35

0.05
0.15
0.25
0.35
0.44
0.53

12- Load Current Characteristics at (100 Ω)

R.P.M 4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.048
0.13
0.22
0.30
0.38
0.47

0.05
0.15
0.25
0.35
0.44
0.56

2 Stages in
parallel
and series
0.01
0.12
0.20
0.28
0.37
0.45

one
stage

4 Stages
parallel

0.02
0.06
0.09
0.13
0.17
0.21

0.04
0.10
0.17
0.23
0.28
0.36

13-Relation between Shaft Speed and DC Current load at 150
R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.05
0.15
0.23
0.33
0.41
0.52

0.03
0.10
0.19
0.26
0.33
0.42
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2 Stages in
parallel
and series
0.03
0.09
0.17
0.24
0.31
0.40

one
stage

4 Stages
parallel

0.02
0.05
0.08
0.12
0.15
0.18

0.03
0.07
0.10
0.14
0.18
0.22

14- Output DC Power at load 25 Ω

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.25
1.44
4.20
7.84
13.61
21.58

0.16
0.96
3.15
5.76
9.48
13.87

2 Stages in
parallel
and series
0.31
2.10
5.08
9.95
16.36
24.20

one
stage

4 Stages
parallel

0.11
0.34
0.81
2.00
2.64
4.00

0.16
2.12
4.33
8.35
13.14
20.43

15- Output DC Power at load 50 Ω
R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.32
2.20
5.90
11.75
18.24
25.80

0.25
1.49
4.50
8.17
12.11
17.98

2 Stages in
parallel
and series
0.17
0.34
4.20
8.00
12.49
17.98

one
stage

4 Stages
parallel

0.05
0.405
1.00
2.26
4.54
5.67

0.18
1.20
3.55
6.40
10.91
15.90

15-Output DC Power at load 100Ω
R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.03
2.30
6.50
12.60
19.80
31.10

0.19
1.63
4.84
9.00
14.50
22.30

2 Stages in one
stage
parallel
and series
0.03
0.04
1.44
0.31
4.00
0.71
7.90
1.75
13.50
2.94
20.30
4.45
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4 Stages
parallel
0.17
1.01
2.92
5.31
7.90
12.9

16- Output power at load 150Ω

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.42
3.04
7.36
15.84
25.42
38.48

0.17
1.60
5.13
10.40
16.83
26.46

2 Stages in
parallel
and series
0.105
1.35
4.08
8.40
14.57
23.2

one
stage

4 Stages
parallel

0.053
0.35
0.88
1.98
3.375
4.788

0.09
0.59
1.50
2.81
4.86
7.04

one
stage

4 Stages
parallel

1.00
3.20
5.50
6.80
7.50
8.00

3.50
9.40
11.30
12.50
14.00
15.20

17- Efficiency at 25 Ω
R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

1.00
1.80
2.30
2.50
2.80
3.10

1.40
2.40
3.20
3.40
3.70
3.95

2 Stages in
parallel
and series
3.00
4.80
6.00
6.50
7.30
8.50

18- Efficiency at 50 Ω
R.P.M 4 Stages
series

3 Stages
series

100
200
300
400
500
600

2.10
4.12
4.90
5.84
5.92
5.98

2.10
3.45
3.80
4.60
5.00
5.30

2 Stages in
parallel
and series
4.00
6.30
8.85
9.97
10.20
10.86
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one
stage

4 stages in
parallel

1.92
4.93
7.63
9.78
11.20
12.00

3.94
11.30
14.50
18.00
19.40
20.20

19- Efficiency at 100 Ω

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

3.00
5.85
6.47
7.18
8.30
9.60

7.00
8.50
10.00
11.00
11.50
13.60

2 Stages in
parallel
and series
8.40
12.00
14.50
16.30
17.00
18.80

one
stage

4 Stages
parallel

5.80
8.00
11.00
15.00
16.12
17.60

4.00
11.00
15.20
19.20
22.20
23.40

20- Efficiency at 150 Ω

R.P.M

4 Stages 3 Stages
series
series

100
200
300
400
500
600

3.50
7.90
9.50
11.50
12.30
13.40

7.70
10.30
12.00
13.60
14.30
15.00

2 Stages in
parallel
and series
6.30
12.30
15.30
17.30
19.30
18.65

one
stage

4 Stages
parallel

3.00
6.20
8.80
11.80
12.90
13.50

2.00
7.00
10.10
12.40
14.50
15.60

21- Electromagnet torque at load (25 Ω)

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.02
0.07
0.13
0.19
0.26
0.34

0.02
0.05
0.10
0.14
0.18
0.22

2 Stages in
parallel
and series
0.03
0.10
0.16
0.24
0.31
0.39
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one
stage

4 Stages
parallel

0.01
0.02
0.03
0.05
0.05
0.06

0.02
0.09
0.14
0.20
0.25
0.33

22- Electromagnet torque at load (50 Ω)

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.03
0.11
0.19
0.28
0.35
0.41

0.02
0.07
0.14
0.20
0.24
0.23

2 Stages in
parallel
and series
0.02
0.07
0.13
0.19
0.24
0.29

one
stage

4 Stages
parallel

0.01
0.02
0.03
0.05
0.09
0.10

0.02
0.06
0.11
0.15
0.21
0.25

2 Stages in
parallel
and series
0.00
0.07
0.13
0.19
0.26
0.32

one
stage

4 Stages
parallel

0.00
0.02
0.02
0.04
0.06
0.07

0.02
0.05
0.09
0.13
0.15
0.21

2 Stages in
parallel
and series
0.01
0.06
0.13
0.20
0.28

one
stage

4 Stages
parallel

0.01
0.02
0.03
0.04
0.06

0.01
0.03
0.05
0.07
0.09

23- Electromagnet torque at load (100 Ω)

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500
600

0.00
0.11
0.20
0.30
0.38
0.50

0.02
0.08
0.15
0.21
0.27
0.35

24- Electromagnet torque at load (150 Ω)

R.P.M

4 Stages
series

3 Stages
series

100
200
300
400
500

0.04
0.13
0.23
0.38
0.49

0.02
0.08
0.16
0.25
0.32

129

