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ABSTRACT

Wind Energy is one of the most efficiently tapped renewable sources of energy.
Permanent Magnet (PM) direct-drive generator technology is quite interesting and it is
catching attention of many manufacturers. Due to traditional manufacturing technology,
machine production is not able to efficiently follow the demand. New machine
manufacturing technologies should be invented which can make a machine easy to
manufacture and fast to assemble. In this thesis, focus will be on reduction of the time
taken during machine winding manufacture and assembly, as it is one of the most labour
intensive, time consuming and costly jobs. A new design and assembly method based on
fractional pitch concentrated windings will be used for the purpose. There is, however, a
major drawback in using concentrated windings in the form of eddy current losses in
solid part of the back iron of rotor. The thesis will provide scientific input by analyzing
eddy current losses in this portion of machine. Effect of the winding sequence on eddy
current losses in the back iron will be studied. Finally, a machine design will be proposed.

Chapter 1
INTRODUCTION

This chapter introduces the reader to the problem taken up for the thesis, the motivation
behind this choice and basic approach to solve the problem. The basic layout of the thesis
is explained in later sections of the chapter.
1.1 History and Trend
Today, energy is no longer a mere utility or a requirement for living but it has become a
product with currently increasing demand. Although efforts are being made to reduce
energy consumption, yet in near future, the demand for energy is bound to increase. Our
rapidly depleting fossil fuel reserves are not going to last forever. Consequently,
renewable sources are being targeted by energy companies as an alternative.
Figure 1.1 (a) shows that after hydro, wind is the most successfully tapped source of
energy for power generation. The figure 1.1 (b) shows the increase in wind power
generation in the last decade. In future, the rate of growth is expected to increase.
Therefore it makes sense to look into the field of power generation from wind.
The concept of using wind turbines to generate electricity is very old. The first Wind
turbines to generate electricity were introduced in 1888 in Ohio, The United States [18].

a)

b)

Figure-1.1: a) World’s Energy Generation Sources b) Growth in Wind Energy
Source: Earth Trends 2008, using data from IEA 2007
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A lot of research has been done in this field since then and wind turbines have grown in
number as well as output rating.

Figure-1.2: Growth in size of wind turbines
Source: Bundesvervand Wind Energie
1.2 The Problem Definition
The demand for wind turbines has increased but supply has not increased at the same rate.
It, therefore, becomes important to reduce time taken in manufacture of a wind turbine so
that more of these renewable sources can be put into service and this increased demand
can be met. This thesis deals with the generator part of a wind turbine. Electrical
Generator has a very long delivery time and requires special engineering for manufacture.
The aim is: “To design a generator in such a way that the manufacture process is easy,
assembly is faster and yet it is cheap as compared to traditional generators.”
There are different types of electrical generators for wind turbine, available in the market
today. For example, Doubly Fed Induction Generator (DFIG) type, Permanent Magnet
Direct Drive type etc. Interested readers can have more information on various types of
wind turbines from [17].
As the size of wind turbine grows, reliability and maintenance aspects become more
significant. From this perspective, Permanent Magnet Direct Drive (PMDD) Generators
are very suitable for wind turbines. In this thesis, we will analyse PMDD generators.
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Tower

Figure-1.3: A PMDD Generator on a Wind Turbine
Source: http://www.peeraer.com/zephyros/products/pic/Z72_open1.jpg
1.3 Thesis Layout
The thesis introduces the reader to the problem, the motivation behind this choice and
various trends in the field concerned. In subsequent chapters, the design procedure is
explained with the help of a reference machine (based on traditional technology of
distributed windings). Then new design methodology (based on fractional pitch
concentrated windings) is introduced and challenges and constraints are discussed.
Method to take care of each challenge is explained as a separate chapter. Based on the
guidelines coming from the chapters on challenges, machine topologies are selected and
details of design are presented. Finally, design is compared with the reference machine
and conclusions are drawn.
.
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Chapter 2
MACHINE DESIGN PROCEDURE

The chapter outlines the various steps required to reach the final design of a machine. A
reference machine, designed on the same design philosophy serves as an example to
understand the design process. The reader can get an idea about where to start the design
and what is required as an output from the design. Due to confidentiality, exact
parameters of reference machine shall not be revealed.

2.1 Introduction
Although it is important to get a technically efficient and rugged design for a machine,
yet there are many economical factors which might shift the choice from “best technical
design” to “most optimum design”. The purpose of electrical machine design is to reach
this optimum. In other words, what a designer perceives must be realizable economically.
2.2 Specific Requirements for the design
There are always some specific conditions and requirements based on location, market,
logistics, manufacturability etc. These form boundaries for design and this is where we
generally start. In this reference machine as well as the new machine (having fractional
pitch concentrated winding ), the constraints are:
a) Low average wind speed ~ 7 m/s
b) Maximum Outer Lamination Diameter: 3.9 m (Transportation constraint)
c) Power output: 2 MW at grid
d) Rotational speed: 18 rpm
e) Voltage output: As per Converter Requirement (V_LL ~ 540 V)
f) Ambient Temperature: -200C to 500C for partial loading
400C for full load
g) The generator heat dissipation should have similar values as shown below
Power loss= 95.7 KW
Surface area = 17.15 m2
Specific loss (Pd) = 5.57 KW/m2
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Note: These Values are based on experience
2.3 Assumptions:
Based on the conditions and experience, we can make some assumptions to quantify
certain parameters.

a) The losses in the converter and generator are about 10%. So the generator is
overrated by 10% therefore the mechanical input power is rated at 2.2 MW.
b) The current phasor stays in the middle of induced emf and the output voltage. See
figure 2.1.
c) The design is of a 3 phase generator with 1 slot per pole per phase and a full
pitched distributed winding. See figure 3.2.
d) It is better to make the machine without skewing. Skewing adds to manufacturing
complexity and adds axial forces to the machine. These forces are significant for
large machines.
e) The machine is connected in Star configuration.

Figure 2.1: A phasor diagram of PM machine
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Figure 2.2 : A 3 phase generator with 1 slot per pole per phase and distributed Winding.

Figure 2.3: Per Phase Equivalent Circuit of the machine
Ep = Emf Generated; Rs = Stator Resistance; Lsm = Main Synchronous Inductance;
Lsσ = Leakage inductance; Vs = Terminal Voltage; Is = Stator Current
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2.4 Design Procedure
The design procedure for this machine is shown in figure 2.4 as a flow chart. The design
equations are given in Appendix A.

Use scaling equation to find the dimensions

Estimate values of the machine parameters.
(Slot height, magnet width, magnet height,
Slot width, tooth width and height, yoke
height, number of poles, wedge height)
Select the material and machine
environment (flux density, temperature,
Lamination thickness and type, magnet
type)

Calculate the air gap flux density

Calculate the no load voltage

Calculate the inductance (Main and
Leakage Inductance)

Calculate the output voltage and currents

Constraints:
Saturation of tooth,
Tooth height /tooth
width,
Cogging torque,
Loss dissipation
capacity
Outer Diameter
Manufacturing
technology available
Free Parameters:
Magnet height,
Number of poles,
Yoke height

Calculate the losses (Iron + Copper)

Optimize for lowest cost

Figure 2.4: Design procedure for the PM machine
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2.5 Constraints for Optimization
• The tooth flux density is below 1.7T because above this value the tooth saturates.
•

Yoke flux density is below 1.4T. It is lower because the flux in the yoke is not
directly used for generation of voltage.

•

Tooth height to tooth width ratio is 5:1 (max). This is done to ensure mechanical
strength. Otherwise, the tooth becomes very narrow and prone to noise.

•

The losses per unit surface area of outer surface of generator could be 6 KW/sq. m
(based on experience).

•

Efficiency must be high at partial load.

•

The outer diameter of the machine must be 3.9 m.

•

Voltage level of the machine (~ 540 V l-l , based on Converter rating).

•

Optimization is an iterative process.

2.6 Design Parameters
After optimization, we get the dimensions of the machine and some other parameters as
will be shown later in the parameter table. Once machine parameters are finalized,
winding is designed. Important issues in windings are:
a) Conductor size: Usually many smaller conductors are joined together to form one
conductor. Depending on current, area of slot available and fill factor, conductor
size is determined.
b) Insulation and Method of Insulation: Voltage level, maximum temperature rise
permitted and atmospheric conditions are the factors which decide which type of
insulation is suitable. For example, vacuum impregnation might be required in
some cases where atmosphere is corrosive whereas, enameled copper with a resin
layer might be sufficient in other cases where atmosphere is clean.
c) End Winding Overhang: This parameter is required for determining size of end
covers and connection terminals.

The table below is an indicative of what values can be expected out of a machine design.
Note: These are not actual values of the reference machine parameters. Actual values
can’t be shown due to confidentiality issues.
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Parameter Description
Dout
Outside diameter of the generator laminations (Actual Generator
diameter including housing will be more than this)
rs
Air gap radius (this is the stator bore radius)
* Rotor radius is 1.810 m and air gap starts from magnet upper
edge till tooth of stator.
ls
Axial length of generator
M
No. of phases
P
No. of pole pairs
G
Air Gap
τp
Pole Pitch
lm
hs
hsy

hry
bs
bt
bm
Br, Br(90)

Values
3.9 m
1.815 m

1.5 m
3
56
5 mm
101.8
mm
Magnet height
20 mm
Slot Height
80 mm
Height of active part of stator yoke (*note: there is 20 mm 35 mm
additional “inactive” height as well for keys and wedges, so total
thickness is 55 mm for stator yoke)
Height of rotor yoke
34 mm
Slot width
17 mm
Tooth width
17 mm
Magnet width
73.3 mm
Remanent flux density of magnet
1.26T,
1.15T

Weight
Weight of Generator
Weight of copper
Weight of iron
Weight of PM
Losses in the generator
Total Losses
Iron Losses
Copper Losses
Other Parameter
Total surface area for dissipation
Dissipation per m2
Expected cogging torque
Current Density
Force density
Power factor

23.4 tons
4.21 tons
17.31 tons
1.86 tons
105.61 kW
20.389 kW
85.2 kW
18.37 m2
5.74 kW/m2
1%
2.67 A/mm2
38 kN/m2
0.97
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2.7 Post Design Critical Checks
Further work is required to validate and evaluate the design of a machine. These checks
are called post design issues. These issues are instrumental in conveying to the designer if
the design is good or it needs some fine tuning. The important parameters which are
observed are briefly explained further
1) Forces on the shaft due to eccentricity of rotor: A perfectly aligned rotor will be
concentric with the centre of stator bore in such a way that air gap is constant
throughout the periphery of the rotor. The attractive forces between stator iron
and the magnets cancel out. If the rotor is not perfectly aligned, there can be large
attractive forces trying to clamp rotor to stator. This becomes important factor for
determining the mechanical loading on shaft. The reasons for this eccentricity can
be:
a) Tolerances in manufacturing process, leading to non-uniformities in air-gap
b) Shaft is not perfectly rigid, so it can bend (unless these forces are taken into
account).
The figure below shows the schematic for an eccentric rotor.
Air gap decreases,
more attractive
force

Stator
Surface
Perfectly
aligned rotor
(dotted)

Y

α
X
Net
Attractive
Force

Eccentric
Rotor
Air gap
increases, less
force of

Figure 2.5: Forces on the shaft due to eccentricity of the rotor
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We can see that with an eccentric rotor, air gap and hence flux density in the air gap
changes. This change of flux density in air gap can be evaluated at each point along the
air gap in radial direction. Once this distribution is known, force can be calculated by
using:
π

F (α ) = ls ∫

( B (α ) )

2

g

.dα

2µ 0

0

Here α is the angle along stator periphery.
A is cross-sectional area
ls is the stack length
This force is calculated on both sides (i.e. on side where flux density increases and where
flux density decreases). In this particular figure its upper and lower half of the machine.
The difference between forces at each point gives us the net force in one direction.
Total force acting on the rotor can then be calculated by summation of net force at every
point.
F (α) total = F (α) upper – F(α) lower
600

500

Force in KN

400

300

200

100

0

0

0.5

1

1.5
2
2.5
Eccentricity in mm

3

3.5

Figure 2.6: Force on the shaft due to eccentricity of the rotor
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4

2) Short Circuit Torque: As the name suggests, it is the torque experienced by a machine
if the terminals are short circuited. This situation is extremely rare but still it’s possible.
The short torque is critical because of the following effects:
a) It produces mechanical stress on shaft and blades, wherein, they can
develop cracks and lead to failure eventually.
b) The currents during a short circuit produce a magnetic field, which, if
strong enough can de-magnetize the magnets.
It is a transient phenomenon and extremely complex to analyze analytically. The machine
was approximately modeled for simulation of a 3 phase short circuit (on the lines of a
synchronous machine). The results obtained are shown in the figure below.

Figure 2.7: Short Circuit Torque
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First Peak overshoot for Torque following a short circuit = 3.27 MN-m
Nominal Torque value = 1.18 MN-m
This gives peak short circuit Torque as 2.77 times nominal Torque (3.27 / 1.18)
Note: These values are representative and not actual values, because the machine is an
approximate model. But theses values fairly represent the order of torque magnitude
expected during a short circuit condition.
The demagnetizing effect of a short circuit torque can be calculated by calculating short
circuit current and total demagnetizing MMF produced by that amount of current.
From this we can get a de-magnetizing coercive force and this should be lower than the
magnet coercive force, for safe operation.

2.8 Design Approach for the New Machine
It is a well known fact that fractional pitch concentrated winding technology can make a
machine cheap because of:
a) Smaller overhangs / end winding: Less copper, lower losses as compared to a
distributed winding
b) Winding Process can be automated
Since the aim of the thesis is to design a generator which is fast and easy to assemble, yet
cheap, fractional pitch concentrated winding is the methodology chosen for designing this
generator.
To make such a machine efficient, cheap and rugged at the same time, several important
factors have to be kept in mind. These are basically the challenges, a designer need to
overcome to deliver an efficient machine. Each shall be discussed in a separate chapter in
this document and they form the design basis. Based on these chapters, we will have
guidelines to select machine parameters in such a way that challenges are met. Some
possible topologies will be selected and compared. Then a final design shall be proposed.

2.9 Challenges for the New Design
Although fractional pitch concentrated windings have several advantages, there are some
factors that we should be aware of in an early design stage. If proper care is not taken the
machine might not work well or not work at all. Cogging is inherent to any PM machine
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and needs attention. So based on the basic machine topology, we have following
challenges to meet.
2.9.1 Low Winding Factor
The winding factor is the ratio of phasor sum of EMF of each individual winding element
to maximum EMF that can be produced by a winding. The average electromagnetic
torque is directly proportional to winding factor. This means if we have a machine with
lower winding factor, we need to increase its size/capacity to generate same amount of
torque. Concentrated Windings result in lower winding factor in general. It becomes
imperative to select some machine parameters wisely to have a high winding factor.

2.8.3 Cogging Torque
The magnets on the rotor interact with stator teeth, trying to position themselves in the
lowest reluctance path or in other words they have a preferred position. This phenomenon
is called cogging. Cogging torque acts as a brake when we want to start the rotor from
rest. It also results in torque ripples and noise which are undesirable. Therefore, measures
are required to minimize this torque.

2.8.4 Eddy Current losses in solid rotor back iron
Eddy current losses occur in the solid portion of the rotor back iron because of the
various space harmonics and sub harmonics present in the magnetic field produced by
concentrated windings. In distributed windings, these harmonics are almost negligible. If
we do Fourier analysis of the waveform produced by concentrated windings, we can have
MMF waves moving in same and opposite directions to the direction of rotation of rotor
and at different speeds relative to rotor [7, 8]. These high frequency harmonics can
induce circulating eddy currents, leading to losses. If these losses are very high, they can
heat up the machine and demagnetize the permanent magnets as well (because of heat).
So, when we design a concentrated winding machine, it becomes necessary to take these
eddy current losses into consideration.

The subsequent chapters deal with detailed insight into each of these challenges and then
based on this knowledge, some potentially good topologies can be shortlisted.
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Chapter 3
CHALLENGE – 1: WINDING FACTOR

This chapter introduces reader to basic definition and significance of winding factor. A
method to calculate the winding factor based on machine parameters is then explained
with an example. Finally a result is established, indicating how we select number of slots
and poles to yield a high winding factor.

3.1 Introduction
Any electrical machine carries a number of coils connected in series and parallel
combination to yield the required voltage. This arrangement is called a winding. Before
we go further with winding factor, it’s important to define a few terms.
a) Concentrated winding: If a coil-side belonging to any phase has all its conductors
in one slot, the resulting winding is called a concentrated winding.
b) Distributed winding: If a coil-side belonging to any phase occupies more than one
slot, it is called a distributed winding

a)

b)

Figure 3.1: a) Concentrated and b) Distributed Winding

c)

Pitch of a coil: It is the electrical spread of a coil. If a coil spreads over one pole
pitch, i.e. 1800 electrical, it is called a “full pitch” coil. If its spread is less than
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1800 electrical, it is called a short pitch or fractional pitch or chorded coil.

Figure: 3.2 Full pitch and short pitch coils
In this figure, γ is the angle of short pitch (we will use ε instead of γ).

3.2 Definition and Significance
There are many definitions of winding factor, available in literature. In very simple words,
to form a concept, “Winding Factor can be defined as the ratio of the phasor sum of emf
generated by individual coils of a distributed winding to maximum emf that can be
generated with a full pitch, concentrated winding”. Winding factor is in a way an
indicative of how “efficiently” emf can be generated by a given sequence of connected
coils.
If all coils were full pitch and concentrated, it would mean a winding factor of 1. If
however winding is distributed along stator periphery, we need to use a reduction factor
accounting for distribution. If further, we use a fractional pitch winding then we need to
modify the reduction factor. This reduction factor is called the Winding Factor. Thus, a
major drawback of using fractional pitch concentrated windings can be a low winding
factor if care is not taken during design phase.
The significance of winding factor lies in the fact that average electromagnetic torque of
a machine is directly proportional to the winding factor. A lower winding factor results in
a lower torque or in other words, to get the same torque, we need a bigger machine. If we
are using a permanent magnet machine, which is primarily a great advantage in size
reduction of the machine, then this advantage can be lost by a lower winding factor.
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3.3 Calculation Method
Skaar et al. [2] have devised a method to calculate winding factor, which is explained in
this section. It offers an easy approach to predict the winding factor from machine
parameters. Other methods like adding the phasor sum of emf contribution of individual
coil [6] require the winding layout to calculate winding factor. There is a method to find
the most optimum coil distribution (yielding highest winding factor) but that will be
discussed in a separate chapter. In this section, the aim is to select number of slots and
poles to yield a high winding factor ~ (0.94 to 0.96).
We can proceed to calculation of winding factor by defining the following:
S = number of slots
p = number of pole pairs
m = number of phases
q = slots per pole per phase = S/(2 x p x m)
For a full pitch winding, q ≥ 1. Concentrated windings have q < 1.
Winding factor mathematically is defined as product of Distribution factor (kd) and Coilspan factor or pitch factor (ke) where:
Distribution factor is a reduction factor due to the coil being distributed in slots rather
than concentrated. It is calculated as [2]

kd = sin (nσ /2) / z sin (nσ /2z)

(3.1)

The factor z comes from the value of q. Slots per pole per phase q, is a fraction because
we use fractional pitch windings. It can be expressed as q = z/b. Then z represents slots or
teeth per phase and b represents number of poles. In other words there are z coils under b
poles, contributing to make a phase voltage. It can be calculated as

z = S / HCF(S, 2pm)

(3.2)

HCF means Highest Common Factor
σ is the phase spread angle
n is the order of harmonic.
Coil-span factor is a reduction factor due to the coil not being full pitch. This means the
coil doesn’t span over 1800 electrical, but lesser. It is calculated as

k e = cos( nε / 2)

(3.3)
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Where, ε is chording / short pitch angle of the coil,

ε = π (1 −

2p
)
S

(3.4)

The winding factor then can be expressed as

kwd = kd .ke

(3.5)

Example:
Let’s consider a machine with following parameters
S = 186, p = 94, m = 3
q = 186/ (94 x 2 x 3) = 0.3298
z = 186/ HCF (186, 564) = 186/6 = 31
σ = 600 (i.e. 1800/m) for most efficient winding.
n = 1 as we are dealing with fundamental
from eq. (2.1), kd = 0.955, and using eq. (2.3), ke = 0.999
Therefore, kwd = 0.955 x 0.999 = 0.954
3.4 Result
The selection of number of slots and poles is determining the winding factor. The
quantity ‘q’ i.e. slots per pole per phase is an indicative for this choice of number of slots
and poles (as number of phases is generally three).
For designing a concentrated winding machine, the favourable region has been defined as
(1/4 < q <1/2) [2].
The figure below shows the relation between number of slots per pole per phase and the
winding factor. [2]
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Figure 3.3: Fundamental winding factor as a function of slots per pole per phase [2].

As shown in the figure above, the theoretical maximum occurs at q = 1/3. But this is not
possible to attain as this would means that number of slots and poles is the same. Apart
from the fact that it would lead to tremendous cogging, it also means we can’t generate a
three phase voltage, because, all emf phasor will be aligned together to produce one
single-phase voltage. The nearest possible value to 1/3 should be chosen so that we are
able to create 3-phase voltages as well as a high winding factor.
In this thesis, the method explained above will be used to find winding factor and the
number of slots and poles will be chosen to get a high winding factor.
Some other obvious facts to bear in mind are:
1) The number of slots chosen should be divisible by the number of phases. (three in
our case) in order to have a balanced winding.
2) Number of poles (2p) should not be equal to number of slots (S). This is same as q
= 1/3 for three phases and leads to terrible cogging and a single phase machine.
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Chapter 4
CHALLENGE -2: COGGING TORQUE

This chapter introduces reader to the concept of cogging and calculation of magnetic field.
In case of a fractional pitch concentrated winding machine, the choice of number of slots
and poles is important for having low cogging [3]. Guidelines for making such a choice
are available in literature. Interested readers can refer to [11], [12] and [4]. First of all,
magnetic field is calculated and then cogging torque is calculated from it.

4.1 Introduction
The magnets on the rotor interact with stator teeth, trying to position themselves in the
lowest reluctance path or in other words they have a preferred position. This can lead to
undesirable torque. This phenomenon is called cogging.

Stator Teeth

PM
Rotor

Cogging
Torque
Element
Movement

Figure 4.1: Cogging Torque Phenomena
The figure above explains that when a magnet edge is near a tooth and approaching, it
experiences a pull towards the tooth. This leads to a sudden “jerk” of torque in direction
of movement. Similarly when a magnet edge leaves a tooth, it experiences a pull against
the movement. Each of this interaction is called a cogging torque element.
Net Cogging torque can be expressed as the sum of all such interactions around the rotor
periphery. If all of these individual contributions add up, it can lead to a very high
cogging torque. Cogging torque presents problems during start up of the machine. It also
introduces a torque ripple in total electromagnetic torque.
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4.2 Slot Pole Combination and Cogging
Obviously, we need some method to minimize this undesirable torque. We can
appreciably reduce cogging if we choose no. of slots (S) and number of pole pairs (p),
wisely.
The principle behind such a choice is the following.
We define a number N, which is the number of cogging torque elements (see fig.) during
a rotation of a slot pitch. It depends on the number of slots and poles [12].

N = 2p/HCF (S, 2p)
S is the number of slots
2p is number of rotor poles
The numerator in principle represents a degree of commonness between numbers as HCF
is Highest Common Factor. If this HCF is high, then value of N is low. On the other hand
if HCF is low, then value of N is high. Thus it can be concluded that
•

If N is low, it means positive and negative cogging torque elements occur at the
same rotor position, and hence get added up to yield higher Cogging Torque

•

If N is high, these cogging torque elements are distributed along the slot pitch
yielding a low value of Cogging Torque.

Example:
For 186 slots and 94 pole pairs,
N = 188 / HCF (186,188)
HCF (186,188) = 2; N = 94
This indicates that cogging should be low.
For a hypothetical machine having 186 slots and 93 pole pairs (186 poles), each pole will
lie under a tooth which means maximum cogging. This is reflected in the calculation.
N = 186 / HCF (186,186)
HCF (186,186) = 186; N = 1
This indicates that cogging is maximal.
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4.3 Magnetic Field Calculation
In order to calculate cogging torque, we need to find the magnetic field distribution first.
This section will describe a method used in the thesis to calculate the magnetic field
distribution.
Zhu et al. [5] have derived this method to evaluate magnetic flux density in a surface
mounted permanent magnet machine. The field distribution is determined from the two
dimensional solution of magnetization, modelled in a cylindrical coordinate system.
Although there are other methods for evaluating magnetic field, for example, vector
magnetic potential [14], this method is chosen because of simplicity of concept and
reasonable accuracy. The method enables us to find the flux density which is used for
calculation of cogging torque later on. A machine with 94 pole pairs and 186 slots is
considered as an example for showing the results of analytical calculations. The crosssection of machine is shown below.
θ = 00

Permanent
Magnet

Rm
Rs

Rr
Center of the Machine

Rm = PM Surface Radius
Rs = Stator Bore Radius
Rr = Inner Rotor Radius
θ = Peripheral angle

Figure4.1: Machine Cross Section
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4.3.1 Assumptions
It is very difficult to analytically include all the effects of machine geometry which
influence air-gap magnetic flux density. In order to simplify the analytical calculations,
following assumptions are made.
a) Permeability of the iron is infinite.
b) The slots are rectangular.
c) The magnetic field produced by the magnets is obtained by a 2-d solution, [5]
keeping the stator slotless.
d) A relative permeance function [4] is used to consider the effect of slotting on the
flux density and the magnetic field distribution is determined by product of the
permeance function and magnetic field produced by the magnets.
The main steps in evaluating the field are shown in a flowchart below.

Calculation of Flux Density at
the
stator
bore
radius
assuming slotless machine
and using effective air gap.

Calculation of permeance
function of slots to account
for slots of a machine.

Superimposing
the
two
functions to get the magnetic
flux density at the stator bore.

Figure4.2: Steps in calculation of magnetic field
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4.3.2 Magnetic Field Produced by the Magnets (Slotless Machine)
We can solve the magnetic field produced by the magnets by solving the scalar magnetic
potential distribution equations in the air gap in polar coordinates [4]. At any radius ‘r’
within the air gap, the permanent magnet field distribution can be expressed as:
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(2np)
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r
R
r






αp
np
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Rr
µr − 1 Rm
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−
−
−
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 Rm    .
 µr   Rs   µr  Rs 
 r (np−1)  R (np+1)  R (np+1) 
.   m  +  m  .cos(npθ)
 r  
 Rs   Rs 
(4.1)

Bpmsl(θ ) is the radial component of magnetic flux density for a slotless stator as a
function of θ.
Br is the remanent flux density of the permanent magnet.

α p is the magnet span to pole pitch ratio.
p is the number of pole pairs.
Rr , Rm , Rs , θ are as depicted in figure 4.1
r = Rs as we want to evaluate field on stator bore radius.
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Figure: 4.4 No Load Flux Density without Effect of Slotting at Stator Bore Radius

4.3.3 Permeance Function
Permeance is reciprocal of reluctance and it indicates how easily flux can travel through a
medium. Under a tooth, the magnetic flux crosses the air gap perpendicularly, because
the permeance of tooth (iron) is very high. This means most of flux passes through the
tooth. In slots, we have air, conductors and insulation which have a much lower
permeability and hence very little flux passes through slots (as compared to teeth).
It means as we move around the stator periphery, we can expect variations in flux density
which are dependent on the permeance at a given point on the stator.
We can take into account the effect of slotting, by modifying the flux distribution
function and multiplying it with a permeance function. Zhu [4] explains the method to
calculate this permeance function.
The following assumptions are made to simplify the calculations:
1) The field pattern is such that flux crosses the magnet and air gap in a straight line
under a tooth and in a circular path, centred about the corner of a tooth under a
slot opening.
2) Permeance under a tooth is given a value of 1, and permeance under the slot is
calculated relative to permeance under a tooth. This gives, as a result, a relative
permeance function λrel.
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bs
Slot

rs
w2

w1

g

Rm

bs = width of slot
w1, w2 = distance from
closest tooth corner
where field is evaluated
rs = radius as per w1,
w2
lm = thickness of
magnet, g = air gap
Rs, Rr, Rm as
explained in fig. 3.1

Rs

lm

Rr

Figure: 4.4 Machine Model for Relative Permeance Function

The relative permeance function is then defined for only slot regions, i.e.
for

(k − 1)α t −

λrel (α ) =

λ=

bs
b
≤ α ≤ (k − 1)α t + s
2
2

λ


 µ 
0
l

m
 +g
 µ r

where
lm

µr

+

µ0
2π rs (α )
4

(4.2)

+g

For all other regions, relative permeance is given a value 1.

α 0 = Slot opening angle in radians (bs/Rs);
α t = Slot pitch angle in radians (τs/Rs), where τs is the slot pitch
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µ0 = Permeability of free space
µr = Relative permeability of magnets
lm = Thickness of the magnet

The Permeance function Calculated for the machine in present example, is shown below
1.5

Relative permeance
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0.05
0.06
Angle in radians

0.07

0.08
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Figure: 4.4 Relative Permeance Function
Then the net magnetic field including the effect of slotting can be calculated as

B pm (θ , r ) = B pmsl (θ , r ).λrel

(4.3)
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Figure: 4.5 No Load Flux Density with Slotting
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0.15

4.3.4 FEM Result
The machine used as an example in this chapter was modelled with FEMM 4.0 by Foster
Miller and the flux density plot is as shown below.
2

1.5

1
B,(T)
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-1
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Figure 4.8: (a) – Plot from FEMM; (b) – Analytical calculation
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4.4 Cogging Torque Calculation
Once this flux density is known, we can find cogging torque [4] using:

S

bs / 2

k =1

0

T c = ∑ ls

∫

 ( Bmagw1) 2 − ( Bmagw 2) 2 

 ( rt )( drs )
µ
2
0



(4.4)

Tc = Cogging Torque

S = Number of slots
bs = Width of slot
Bmagw1 = Flux density function at w1 (see fig. 4.4)
Bmagw2 = Flux density function at w2 (see fig. 4.4)

rt = Rs + rs (see fig. 4.1)
The Torque experienced by the machine over each slot is plotted below. The number of
elements taken for evaluation per slot is 10 and number of slots is 20.
1000

Cogging Torque (Nm)

500

0

-500

-1000

-1500

0

50

100
150
No.of slots x No. of elements for evaluation

200

Figure 4.7: Analytical calculation of Cogging Torque
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250

The total cogging torque can be found from summation of such waveform for the entire
machine i.e. for 186 slots.
For the whole machine,
Cogging Torque = 24.2 KN-m
Total Mechanical Torque = 1.19 MN-m
% of Cogging 1.95 % of the rated torque, which is acceptable.
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Chapter 5
CHALLENGE-3: EDDY CURRENT LOSSES IN SOLID BACK IRON

The aim of this chapter is to introduce the reader to concept of eddy currents losses in
solid back iron. The reason to “why these losses occur in fractional pitch concentrated
windings?” shall be explained. A method to calculate these losses has already been
established in [7]. This chapter develops this method further by exploring the possibility
of reduction of eddy current losses by changing the winding sequence.

5.1 Introduction
Eddy current losses are produced when a flux varying in time crosses a conductive solid
surface. The flux crossing the surface produces currents in the surface. These currents
circulate in such a way that the flux generated from them opposes the main flux. These
currents last till the variation in main flux lasts. Since the material has a certain resistivity,
these circulating currents lead to losses.
The fractional pitch concentrated windings produce a magnetic field having a lot of space
harmonics. If we dissociate the total field into Fourier components, we get sine and/or
cosine terms of various frequencies. All these harmonics represent a time varying field
and hence contribute to eddy current losses.

5.2 Calculation Method
The calculation method is fully described in [7]. Since eddy current phenomenon is very
complex, we need some simplifications and assumptions to ease the analytical calculation.
The assumptions/simplifications made are:
a) The stator teeth and slots are replaced by a smooth surface, placed at a distance of
effective air gap. This is the mechanical air gap multiplied by Carter factor.
b) The flux crosses the air gap perpendicularly.
c) At the given moment, only phase ‘a’ is conducting and currents in phase ‘b’ and
‘c’ are 0.
d) Currents are sinusoidal and in phase with EMF.
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The same method can be applied to a machine having different type of winding
distribution. The objective of this chapter is to explain the methodology to estimate these
losses. Later on in Appendix B, we will compare the selected topologies and observe if
distributing the concentrated winding coils around the stator periphery helps in reduction
of eddy current losses.
The Method consists of the following steps:
a) First of all, using Ampere’s law, we estimate the flux density distribution in air
gap.
b) We decompose this flux density waveform into Fourier components.
c) Then using relative position of rotor, we evaluate the space harmonics of this flux
density waveform.
d) Eddy Current losses can then be calculated from this data.
The same steps will be used to calculate eddy current losses in the solid back iron for the
selected topologies. We can take up an example. The figure below shows the layout.
τs

a

Tooth

b

c

τp

Slot

a

PM

b

Stator back iron

c

a

b

c

a

Rotor back iron

λ1

MMF

Xs = Distance along stator

Figure 5.1: A stator with winding sequence a-b-c-a-b-c-… only phase ‘a’ is carrying
current and resultant MMF waveform.
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Currents in the three phases can be expressed as:

isa = iˆs cos(ωt )
2π 

isb = iˆs cos  ωt −

3 

4π 

isc = iˆs cos  ωt −

3 


(5.1)

The flux density due to MMF distribution as shown in the figure above can be calculated
using Ampere’s law.

Bsa =

2 µ0 Nisa
λ 
 λ
for  − 1 < xs < 1 
3 g eff
6
 6

=−

µ0 Nisa
3 g eff

(5.2)

5λ 
λ
for  1 < xs < 1 
6 
6

N is the number of turns around a stator tooth.
Bsa is the flux density due to current in phase a.

λ1 is the wavelength of fundamental space harmonic
g eff is the effective air gap

The starting point has been so chosen as to give only cosine terms.
Thus we can express the flux density waveform in terms of Fourier series as:
∞
 k 2π xs 
Bsa = ∑ Bˆ sk cos 

k =1
 λ1 

(5.3)

Here
2
Bˆ sk =

λ1

λ1

∫B

sa

0

 k 2π xs
cos 
 λ1


2
 kπ  µ0 Nisa
sin 
dxs =

kπ
 3  g eff


All other phases are equal to phase ‘a’ except a shift in position.
Putting the value of currents, we can write for three phases,
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(5.4)

∞
 k 2π xs
Bsa = ∑ Bˆ sk cos 
k =1
 λ1


 cos(ωt )


∞
  2π xs 2π  
2π 

Bsb = ∑ Bˆ sk cos  k 
−
  cos  ωt −

3 
3 

k =1
  λ1
∞
  2π xs 4π  
4π 

Bsc = ∑ Bˆ sk cos  k 
−
  cos  ωt −

3 
3 

k =1
  λ1
where
2
 kπ  Niˆs µ0
sin 
Bˆ sk =

kπ
 3  g eff

(5.5)

To obtain the total flux density in the air gap, the three flux density waves are added.
We can write the resultant flux density wave as:

Bsk =

 k 2π xs

3
− ωt  for (k = 1, 4, 7,...)
cos 
2
 λ1


Bsk =

 k 2π xs

3
+ ωt  for (k = 2,5,8,...)
cos 
2
 λ1


Bsk = 0

(5.6)

for (k = 3, 6,9...)

The flux density with respect to the rotor can be calculated by substituting the rotor
position:
Using λ1 = 4 τp (See Fig. 5.1 )
xs = xr + ν t = xr −

ωτ p
ωλ
t = xr − 1 t
π
4π
(5.7)

Bsk =

 k 2π xr  k  
3 ˆ
Bsk cos 
−  + 1  ωt  for (k = 1, 4, 7,...)
2
2  
 λ1

Bsk =

 k 2π xr  k  
3 ˆ
Bsk cos 
−  − 1 ωt  for (k = 2,5,8,...)
2
2  
 λ1

(5.8)

Bsk = 0 for (k = 3, 6,9...)
Once this flux density is known, we can calculate eddy current losses by using a
simplified equation as explained in [7]. Interested readers can have more details from
[15].
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The eddy current losses per square metre of surface area are given by:

Bˆ 20ν 2δ
Pe =
4 ρ Fe

δ=

2 ρ Fe

µ0 µ r Feω

where

B̂0

is the amplitude of the flux density wave

ν

is the speed of flux density wave

δ=

2 ρ Fe

ρ Fe

µ0 µ r Feω

is skin depth

is the resistivity of iron
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Chapter 6

WINDING AND ASSEMBLY

The objective of this chapter is to guide the reader through the process of manufacturing
coils, their arrangement to form a winding and then assembly on to the stator. A method to
find the most optimum winding layout is also explained.

6.1 Introduction
A winding is an arrangement of coils, connected in series and/or parallel to generate a
particular voltage. The job of winding is a very critical job. A lot of care is required while
manufacturing and assembling the coils. The requirements of a good winding are:
a) High winding factor (as explained in chapter 3)
b) Ease of manufacturing coils
c) Easy and quick assembly.
Concentrated winding technology can make a machine cheaper because of:
c) Smaller overhangs / end winding: Less copper, lower losses as compared to a
distributed winding.
d) Winding Process can be automated
The aim of the thesis is to design a generator which is fast and easy to assemble, yet cheap.
Due to above mentioned advantages, fractional pitch concentrated winding is the
methodology chosen for designing this generator.

6.2 Concentrated Winding Technology
The coil is “concentrated” around each tooth and hence the name. Several of these coils are
connected in series and parallel combinations to obtain desired voltage output. The
technology of manufacture is already well established as the same method is being used for
making field windings of synchronous machines and for manufacturing windings of
transformers. Although this method has been successful in low rating small machines, yet in
case of large machines, this idea is still not well established. One of the probable reason is
that distributed winding technology is almost universal for such machines.
37

Former
Winding

Figure6.1: A Concentrated Winding
6.3 Formation of a coil
The concentrated coil has been shown in Fig. 6.1. The process of coil formation involves a)
Formation of a former: Former is like an empty spool, made up of insulating material and
can be easily made as per size of the tooth. This process is widely used in manufacture of
transformer windings.

a) Former

b) Completed coil
Figure6.2: Former and Completed Coil

b) Winding of wire to form a coil: Pre insulated, rectangular copper wire can be wrapped on
to the former with winding machines. When completed, the former will be filled with
copper wire and the coil will look like as shown in the figure 6.2 , with starting and finishing
ends separated as connecting leads.
c) Insulation: In case of small machines, the machine is assembled and then put through a
process of vacuum impregnation to have a good insulation. The process involves a tank
which can hold the whole stator along with the windings. Air is pumped out of this tank and
vacuum is created. After that, an insulating material which is generally a resin mixed with
powdered mica, is allowed to go into tank. Due to vacuum, the insulating material goes into
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every nook and corner of the machine. Later, the machine is sent into a baking oven where
the insulating material hardens and windings become like a solid, strongly insulated block.
This process also helps in making the machine resistant to mechanical vibrations..
In case of very large machines, this becomes a very cumbersome procedure because of
a) The large size of the machine and hence a very big tank is required.
b) Vacuum pumps required to create vacuum also become very big and costly.
c) Due to personnel safety issues, the tank wall has to be made very thick and
manufactured under strict conditions of “high pressure vessel” manufacture. This
means a lot of investment. Moreover, the tank has to be inspected regularly for
cracks by sophisticated means which is a long and costly procedure as well.
d) Very big cranes are required to shift, turn and maneuver the whole assembled
machine during various stages of impregnation process. Apart from high logistics
costs, it also involves a lot of risk.
e) Lastly, a very big oven has to be made wherein the whole machine can go in.
From the above mentioned points, it is clear that insulation of coils can be a very tedious
process if vacuum impregnation needs to be done.
The solution to this problem can be, to insulate the individual coils by vacuum impregnation
and then mount them on to the stator. If this process is used, concentrated winding has an
advantage of having a lower number of coils (to be impregnated) compared to a distributed
winding. To summarize, some distinct features of a concentrated coil are:
a) The ease of manufacture:-It can be wound by machines.
b) Minimal over hang:- Easy to handle, light, cheap and low losses.
c) Easy Assembly:-The coil is mounted on to a tooth
d) Insulation is easy as individual coil can be impregnated separately.

6.4 Lay-out of Coils to Form a Winding
To place the coils around the stator teeth so that their interconnection yields an efficient
winding, a method described in [1] is used. This method yields the highest possible winding
factor for a given slot pole combination.
Basically, we want to get maximum voltage that can possibly be generated by the winding
(see chapter 3). This would physically mean that all the conductors belonging to a particular
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phase should lie in such a position that most of them are under a zone of maximum flux.
This method is an algorithm to find such an arrangement. We decompose the quantity q i.e.
slots per pole per phase which yields a pattern of number of slots lying under a number of
poles. This pattern repeats over the machine periphery and in each of this pattern, we
distribute the phases as evenly as possible. The method can be described by following steps.
1) The slot per pole per phase (q) is reduced to fraction of lowest terms. i.e. into
a fraction which can’t be reduced further. This represents ‘b’ slots belonging
to a particular phase lying under ‘c’ poles.
q = b/c
2) A sequence of “1” and “0” is derived from this fraction obtained in step 1. A
total of “b” ones and “(c-b)” zeros is found in such a way that 1s are as
evenly distributed amongst zeros as possible. This ensures that all the
conductors (of each phase) are placed evenly within this slot-pole group to
maximize flux linkage.
3) The sequence is repeated Slots(S)/b times.
4) This sequence is then compared against a sequence of a distributed full
pitched (q=1) winding. The phase nomination of the reference full pitched
winding corresponding to a “1” (in step 2) is taken to form a conductor of
double layer concentrated winding. The other conductors are found by
substituting the corresponding return conductors.
Example
The 180-160 slot-pole combination is chosen to depict the winding layout procedure.
S = number of slots = 180
p = number of pole pairs = 80
m = number of phases = 3
q = slots per pole per phase = S/(2 x p x m) = 0.375
Step 1)

q = 3/8

b = 3, c = 8

Step 2)

The sequence requires 3 ones to be fitted into 8-3 = 5 zeros.
Hence the sequence is [1 0 0 1 0 0 1 0 ].

Step3)

If we write this sequence and allocate phase nominations of a full pitched
distributed winding, we get the result as shown below:
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[1 0 0 1 0 0 1 0 ] [1 0 0 1 0 0 1 0 ] [1 0 0 1 0 0 1 0 ] ….
A C’ B A’ C B’ A C’

B A’ C B’ A C’ B A’

C B’ A C’ B A’ C B’ ……

We will take the phase nomination which is under ones and start making first layer of the
winding.
__ A | __ A'| __ A | __ B | __ B'| __ B | __ C | __ C' | __ C | __ A | __ A' | __ A | ....
Slot 1
2
3
4
5
6
7
8
9
10
11
12 ....
Next we fill in the corresponding return conductor
C' A | A'A'| A A | A'B | B' B'| B B | B' C | C' C' | C C | C' A | A' A' | A A | ....
Slot1
2
3
4
5
6
7
8
9 10 11
12 ....
This sequence is repeated for the rest of the slots as well to get a winding distribution.
6.5 Assembly of the Windings on to the machine
In case of very big machines like the ones discussed in this thesis, assembly of the preformed coils is also very time consuming job. Concentrated windings can be pre-fabricated
outside the machine, vacuum impregnated and then mounted on to the teeth. This saves a lot
of time and effort in machine assembly. The coil itself can be wound by automatic
machines, saving a lot of time and man-hours. The next question is “How to hold coils at
their place within a slot?” .Two methods are proposed for this purpose.
1) Using Non-Magnetic Wedges: The coils can be fixed in position by putting nonmagnetic wedges through the slot opening, along the axial length of machine. The
figure shows the arrangement.
Teeth
Winding
gg
Wedge
Magnet
sRotor Back
iron
Figure6.3: Winding Assembly – Non-Magnetic Wedge

-41-

If forced air cooling is used in the machine, this assembly method can be interesting
as air can flow through the windings. Since a rectangular conductor is used for
forming the coil, a high fill factor of the order of 0.6 can be expected.

2) Using Epoxy: The coils can also be held by first mounting the coil on to the tooth
and then filling the rest of the space slowly with a fast setting epoxy. The
arrangement is shown below in the figure. The purpose of the epoxy is to enhance
the insulation level further, make the winding rugged, hold the coil in slot and better
heat dissipation(as thermal conductivity of epoxy is better than air).

Stator
Winding Vacuum

Impregnated
Epoxy

PM
Rotor back
Iron

Figure6.4: Winding Assembly – Epoxy

There are, however, issues related to tolerances in manufacturing the formers, wire
consistency and finally safe mounting. These issues will not be covered in present thesis.
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Chapter 7

SELECTED TOPOLOGIES

This chapter presents design details of the selected topologies, based on the guidelines
developed in chapter 2, 3 and 4. Design equations used for calculations are given in
Appendix-A.

7.1 Introduction
As outlined in earlier chapters on machine design procedure and challenges, we can sum up
the requirements of a good machine design (as compared to the reference machine) as:
a) High Winding Factor – For high electromagnetic torque
b) Low Cogging – For smooth operation
c) Low Losses – For high efficiency
d) Less Weight – For economical and logistical reasons
Chapters on challenges (3, 4 and 5) provided guidelines to select slot-pole combinations,
winding layouts etc. The reference machine has a 48 pole pair design with 288 slots and full
pitched distributed windings. As a starting point, in new machine, number of slots was
reduced by 1/3 to save time in manufacture. Hence the slot pole combinations lie in this
range. Based on all this knowledge, three topologies are selected.
a) Machine 1: 180 slots - 160 poles
b) Machine 2: 186 slots - 188 poles
c) Machine 3: 192 slots - 196 poles

We can expect the following parameters for these three topologies.
Machine

q

N

Cogging

Coil

Winding

Distribution

Factor

1

(3/8)=0.375

8

High

Low

~ 0.940

2

(31/94)=0.329

94

Low

High

~ 0.954

3

(16/49)=0.326

49

Moderate

Moderate

~ 0.952
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7.2 Machine Parameters
Using design equations given in the appendix A, we get a table of parameters for each of the
machine topology. The effect of eddy current losses is given in a separate appendix as it is a
specific topic in this thesis. Final conclusions can be drawn after evaluation of eddy current
losses.

Parameter Table - Machine 1: 180 slots - 160 poles

Parameter Description
Dout
Outside diameter of the generator laminations
rs
Air gap radius (stator bore radius)
ls
Axial length of generator
M
No. of phases
P
No. of pole pairs
G
Air Gap
τp
Pole Pitch
lm
Magnet height
hs
Slot Height
hsy
Height of active part of stator yoke
hry
Height of rotor yoke
bs
Slot width
bt
Tooth width
bm
Magnet width
Br, Br(90)
Remanent flux density of magnet
Weight
Weight of Generator
20.54 tons
Weight of copper
4.34 tons
Weight of iron
14.74 tons
Weight of PM
1.46 tons
Other Parameters
Total surface area for dissipation
17.77 m2
Expected dissipation per m2
6.2 kW/m2
Expected cogging torque
4 % of rated
Current Density
2.52 A/mm2
Force density
44 kN/m2
Power factor
0.97
EMF generated per phase
313.45 V
Current
2454 A
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Values
3.93 m
1.82 m
1.3 m
3
80
5 mm
71.5 mm
18 mm
90 mm
35 mm
35 mm
38.1 mm
25.4 mm
57.2 mm
1.26T, 1.15T

Parameter Table - Machine 2: 186 slots - 188 poles

Parameter
Description
Dout
Outside diameter of the generator laminations
rs
Air gap radius (stator bore radius)
ls
Axial length of generator
M
No. of phases
P
No. of pole pairs
G
Air Gap
τp
Pole Pitch
lm
Magnet height
hs
Slot Height
hsy
Height of active part of stator yoke
hry
Height of rotor yoke
bs
Slot width
bt
Tooth width
bm
Magnet width
Br, Br(90)
Remanent flux density of magnet
Weight
Weight of Generator
20.36 tons
Weight of copper
4.35 tons
Weight of iron
14.70 tons
Weight of PM
1.31 tons
Other Parameters
Total surface area for dissipation
17.77 m2
2
Dissipation per m
6.6 kW/m2
Expected cogging torque
1.95 % of rated
Current Density
2.72 A/mm2
Force density
46 kN/m2
Power factor
0.97
EMF generated per phase
314.34 V
Current
2448 A
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Values
3.93 m
1.82 m
1.3 m
3
94
5 mm
60.8 mm
18 mm
90 mm
35 mm
35 mm
36.9 mm
24.6 mm
43.8 mm
1.26T, 1.15T

Parameter Table - Machine 3: 192 slots - 196 poles
Parameter Description
Dout
Outside diameter of the generator laminations
rs
Air gap radius (stator bore radius)
ls
Axial length of generator
M
No. of phases
P
No. of pole pairs
G
Air Gap
τp
Pole Pitch
lm
Magnet height
hs
Slot Height
hsy
Height of active part of stator yoke
hry
Height of rotor yoke
bs
Slot width
bt
Tooth width
bm
Magnet width
Br, Br(90)
Remanent flux density of magnet
Weight
Weight of Generator
22.10 tons
Weight of copper
4.66 tons
Weight of iron
15.87 tons
Weight of PM
1.57 tons
Other Parameters
Total surface area for dissipation
19 m2
Dissipation per m2
6 kW/m2
Expected cogging torque
2.2 % of rated
Current Density
2.27 A/mm2
Force density
41 kN/m2
Power factor
0.97
EMF generated per phase
310.2 V
Current
2479 A
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Values
3.93 m
1.82 m
1.4 m
3
98
5 mm
58.3 mm
18 mm
90 mm
35 mm
35 mm
35.7 mm
23.8 mm
42 mm
1.26T, 1.15T

Chapter 8

FUTURE TECHNOLOGIES

8.1 Ironless Stator
As we are familiar with the restraints posed by economics on technology, it makes sense
to look into some other design possibilities based on certain requirements. In the last
century, development of technology was the prime objective. Now there is more focus on
economics and technology has become secondary in most of the fields.
Amongst costs involved in the field of wind turbines for energy generation, there is a lot
of incentive in reduction of cost of logistics and transportation.
When translated into the language of a machine designer, we can think of the following:
1) Weight Reduction
2) Modular Machines
In this document, these two approaches shall be discussed briefly. For meeting these
requirements, we might think of a machine with ironless stator. There is still quite some
work required to be done to make the machine performance comparable and to make it
workable on the scale of manufacture that we are concerned with. The figure below
shows a basic possible schematic.

Stator made of
light-weight plastic
Winding
Magnets
Rotor back Iron

Figure8.1 : Schematic of a possible ironless machine.
Advantages:

-

No Cogging: Machine performance enhanced.

-

No attractive forces: Structure can be made lighter.
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-

Lighter: Logistics costs lower (cranes and handling etc.)

-

Resistance to corrosion: Makes it interesting for off-shore applications.

-

Modular Design Possible: Ease of Transportation.

-

Ease of insertion of magnets.

-

No saturation of iron part (Low ambient temperature operation possible)

-

No Noise (No interaction between tooth and magnets)

Disadvantages/Limitations:
- Relatively large size because of lower flux densities
- Heat Dissipation can be tricky as plastics are not good conductors of heat
- More magnets required, hence expensive (this might be compensated by costs
Incurred on logistics)
- Technology to manufacture large plastic moulds is not well established presently.

Comparison with traditional machine:
A very rough design estimate done for such a machine with following properties or
assumptions:
a) The plastic structure is backed with an iron yoke (strength of plastics is still
questionable).
b) The flux density of 0.35 T is possible.
c) The fill factor is 0.5. (This might be considered pessimistic with pre-fabricated
concentrated windings around a tooth.)
d) The following indicative costs are used
Cost of Iron be 1 pu
Cost of Permanent Magnet = 15 pu
Cost of Copper = 8 pu
Cost of Plastic = 1 pu

To make the design comparable in terms of costs and dimensions, the machine is made to
operate at 1300 V (Per-phase voltage). Although this doesn’t present a very honest
comparison, yet it gives an insight into what the possibilities are.
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The table below shows the value for an ironless machine with respect to a traditional
machine, with the parameters of traditional machine as reference (1 per unit).

S no.

Parameter

Value in per unit
(unless specified)

1

Outer Diameter

1.72

2

Stack Length

1.16

3

Weight of Copper

1.28

4

Weight of Iron

0.35

5

Weight of Permanent magnet

1.75

6

Weight of plastic

7

Total Weight of generator

0.8

8

Total Cost

1.3

3.4 ton

Table8.1: Ironless machine comparison with Traditional machine
The following conclusions might be drawn from this rough estimate.
•

If in future magnet materials become cheaper this might become interesting in
terms of cost.

•

The plastic material required for fabrication of winding former might be made
hollow resulting in further reduction of weight and better cooling.

•

Machine might be interesting for introducing fault tolerance as we have
concentrated windings.

•

Current Density might be increased to reduce dimensions further, provided we are
able to cool the machine efficiently.
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8.2 Closed-Slot Stator
Another issue concerning the traditional machine designs is Noise. It is the audible noise
which is produced by magnetic pull when a magnet passes a tooth. We can look at a
possibility of making the stator with closed slots.

Stator Iron

Tooth
Slot
Conductor
Perm. Magnet
Rotor Iron
Figure8.2: Cross-section of a possible slot less machine
The obvious problem is how to insert windings in. The winding here is not distributed
but a type of concentrated winding. Instead of winding around a tooth, this type of
winding can be inserted into a slot and hence it’s a winding concentrated inside a slot.
Each conductor is made up of sub conductors, and has a shape (umbrella Handle) as
shown below.
Start end

Coils in
Finish

a)

b)

Figure8.3: Winding of a slotless machine a) series connection; b) one conductor
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Each of this “umbrella handle” winding can be inserted along the axis of the machine and
into the slot. Each winding can be vacuum impregnated separately, keeping leads for
joining them in series. This also gets rid of the cumbersome vacuum impregnation
process where handling big machines is a huge problem and it takes a lot of men and
material to achieve it.
Advantages:
1) Noise is reduced, smooth operation
2) Cogging is appreciably reduced
3) Flexibility in choice of slots and poles combinations
4) Good heat dissipation
Disadvantages:
1) Number of Winding joints is increased
2) Weight of the machine might increase (though we can optimize a design)

In the end we can say that this type of closed slot machine with umbrella handle winding
might be an option in situation where noise reduction is a concern. Conceptually this
design seems promising but a detailed study is required to be done to create a comparison.
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CONCLUSIONS AND FUTURE WORK

Three basic machine topologies for fractional pitch concentrated winding were selected
based on requirement of:
a) High Winding Factor
b) Low Cogging
c) Low Eddy Current Losses
d) Low assembly time
e) Reduction in weight
The topologies are:
Machine 1: 180 slots – 160 poles
Machine 2: 186 slots – 188 poles
Machine 3: 192 slots – 196 poles

It can be concluded that:
1) The concentrated windings are used, hence it is expected that due to advantages
of low cost and possibility of process automation (see chapter 6) time taken to
assemble all these above mentioned machines will be lower as compared to the
reference machine (see chapter 2). The machine can also be expected to be lighter
and cheaper as shown in chapter 7.
2) Machine 2 gives lowest cogging (1.95 %) whereas Machine 1 gives highest
cogging (4%). Machine 3 gives a moderate cogging (2.2%) as shown in machine
parameter table in chapter 7.
3) All the topologies have a high winding factor.
4) Machine 1 and 2 are expected to have acceptable iron losses in back iron due to
eddy currents. Losses in Machine 3 are expected to be on a higher side.(See
Appendix B)
5) Machine 1 and 2 are lighter by almost 10% as compared to Machine 3 and
reference machine.
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The table below sums up the relative positive and negative points of the reference
machine and the selected machines.

S.No.

Winding Cogging Eddy Current Weight Assembly time
Factor

Torque

Losses

Reference Machine

+

+

++

-

-

Machine 1

+

-

+

+

+

Machine 2

+

+

+

+

+

Machine 3

+

+

-

-

+

Table a) – Machine Comparison
As shown in Table a) above, Machine 2 seems the most appropriate topology and is
recommended out of the three design topologies.

Future Work

1) A detailed design on the lines of the design of reference machine needs to be
done which includes certain important post design checks.
2) There is also scope for further optimization with respect to cost of machine.
3) For accurately predicting the eddy current losses, a more suitable calculation
method can be devised to ease the task of manual calculation for highly
distributed coils. Further calculations have to be done for calculation of actual
losses.
4) Modularity and fault tolerance can be introduced for such topologies, which can
lead to lower costs and high reliability.

-55-

APPENDIX – A

DESIGN EQUATIONS
Sizing equation for permanent magnet machines

P = T .wg
Vg = πrg2l g =

P
2ω g Fd

The force density Fd= 25-50kN/m2.
Using this equation the first approximation on the dimension of the machine can be
found out. In this thesis, we already have a constraint on size, posed by transportation
limits.

Calculation of the no- load air gap flux density
The no load air gap flux density is given by,
Bg =

lm
Br
µ rm g eff

The fundamental component of the flux density is significant and is normally used for
the design of the generator. This fundamental component is given by,
B g1 =

bp π
lm
4
)
Br sin(
µ rm g eff
π
τp 2

Where g eff = k c ( g +


bso
4
γ = 
π 
l
2 g + m
 
µ rm

kc =





lm

µ rm

) and

* tan −1

bso

l
2 g + m
µ rm






− ln 1 + (

τs




l

τ s − γ  g + m 
µ


rm
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bso

l
2 g + m
µ rm






)2









The effective air gap geff is the air gap equivalent to the winding distribution which
assumes the stator without slots. The influence of slots on the air gap flux density is
taken in account using the Carter factor Kc.

Dimensional Parameters
πr
Pole Pitch τ p = s
p
π rs
Slot Pitch τ s =
pmq
Width of slot bs = 0.6τ s
Width of tooth bt =

τ s − bs

Outer Diameter of machine rm = rs + hsy 0 + hsy + hs
Radius of Rotor rr = rs - g
Number of Series Connected coils N s = N slot ( pq )
N slot = Number of conductors in one slot

No Load Voltage:
The no load voltage of induced emf is given by the equation

Ep =

2
2

B g1l s wm rs pqN slot k w

Self Inductance
 2 Rmσ + 6 Rmg 
Lsm = N s N t 
 3Rmg Rmσ 


N s is the number of turns in a phase
N t is the number of turns of a coil around a tooth
M = Lsm / 2
M is the mutual inductance

Current
Pgen
Is =
3E p cos φ
Pgen is the no min al power of generator
E p is the no min al phase voltage
cos φ is the power factor
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Current Density

Js =

Is
ACus

k fill (hs − hw )bs

ACus =

N slot

Copper Losses
P = 3Rs I s2
Rs = ρCu

lCus
ρ
= 2 Cu pqN slot ( ( ls ) + 1.6(bt ) )
ACus
ACus

The length of copper at the end windings is assumed to be 1.6 bt.

Iron Losses:
Losses at stator yoke
Specific losses due to hysteresis and eddy currents at 50Hz and 1.5T with 0.5mm
lamination at stator using the material M400-50A are
P hy= 5.75 W/kg with safety factor of 2
P ey= 2.25 W/kg with safety factor of 2
Losses at different frequencies and flux densities are given by

PFesy

 Bsy
= M Fesy 
B
 sp






2

  Phy ω e

  100π


2

 ω e  
 + Pey 

 100π  


Losses in the rotor
The losses in the rotor yoke are calculated separately in Appendix B.
Efficiency

η=

Pgen − Ploss
Pgen
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APPENDIX – B

EDDY CURRENT LOSS ESTIMATION

This appendix supplements chapter 5 on Eddy Current Losses. The aim is to predict
which machine topology will be best suitable from the point of view of Eddy Current
Losses. H.Polinder et.al [8] have derived the space harmonics content of a flux density
waveform for many configurations of concentrated windings. If we have a closer look at
the results, we see that lesser losses occur when q is near 1/3. As we move away from
this value of q (i.e. 1/3) losses tend to increase. This increase is more if we move to
values lower than 1/3 and this increase is less if we move to values higher than 1/3.
A comparison of ‘q’ and losses per square meter for machines III, IV, V, VI, VII in [] is
shown below.
Machine

q

Eddy Current Losses/m2

III- 3 slots/4 poles

0.250

1392

VII- 12 slots/14 poles

0.2857

1393

V- 9 slots/10 poles

0.300

849

IV- 9 slots/8 poles

0.375

415

VI- 12 slots/10 poles

0.400

911

Table I: Comparison of q with eddy current losses as calculated in [8]

For machines with large number of slots, if the value of ‘q’ is near 1/3 and if it is a large
fraction (ex: 16/49 or 31/94) it leads to a more distributed winding and a high winding
factor. The three machines (see chapter 7) in this thesis have different winding
characteristics.

a) Winding is not much distributed – 180 slots and 160 poles
b) Winding is moderately distributed – 192 slots and 196 poles
c) Winding is highly distributed – 186 slots and 188 poles
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As explained in the chapter 5, the amplitudes of space harmonics in flux density
waveform for a winding can be calculated. Now we proceed with the calculations.
1) 180 – 160 slot-pole combination:
Winding Sequence over each tooth
A

A’

A

B

B’ B

C C’

C

A

A’

λ1(Spread over 9 teeth)

0

Flux Density Waveform for Phase A
energized

Figure 1: Shape of Flux Density Waveform
The Flux density can be calculated from ampere’s law as:

Bsa =

10µ0 Nisa
λ
 λ
for  − 1 < xs < 1 
9geff
18 
 18

=−
=

8µ0 Nisa
λ
λ
 λ
λ
for  − 1 < xs < − 1  and for  1 < xs < 1 
9geff
18 
6
 6
18

µ0 Nisa
9geff

(B1)

5λ 
λ
for  1 < xs < 1 
6 
6

The amplitudes of the space harmonics can be calculated as

2 µ0 Niˆsa 
 kπ 
 kπ  
Bˆ sk =
2sin   − sin   

kπ geff 
 9 
 3 
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(B2)

A

2) 192 - 196 slot-pole combination:

Winding Sequence over each tooth
....A A’ A A’ A A’ A A’ B B’ B B’B B’ B B’B B’B B’ B B’ B B’ C C’ C C’ C C’ C C’C C’ C C’ C C’ C C’ A A’ A A’ A A’ A A’ ....

λ1 (Spread over 48 teeth)

Bsa

0

Xs

Figure 2: Shape of Flux Density Waveform
The Flux density can be calculated from ampere’s law as:
Bsa =

µ0 Nisa
geff

23λ1   11λ1
7λ   5λ
19λ1 
 λ
< xs < − 1  ;  − 1 < xs < −
for  − 1 < xs < −
; −

24   12
8   6
24 
 2

17λ1   2λ1
17λ1   3λ1
19λ1 
 3λ
for  − 1 < xs < −
< xs <
< xs <
;
;

24   3
24   4
24 
 4
7λ   11λ
23λ1 
 5λ
for  1 < xs < 1  ;  1 < xs <

8   12
24 
 6
Bsa = −

µ0 Nisa
geff

11λ   7λ
5λ   19λ1
3λ 
 23λ1
for  −
< xs < − 1  ;  − 1 < xs < − 1  ;  −
< xs < − 1 
12   8
6   24
4 
 24

2λ   17λ1
3λ   19λ1
5λ 
 17λ1
for  −
< xs < − 1  ; 
< xs < 1  ; 
< xs < 1 
3   24
4   24
6 
 24
λ 
11λ1   23λ1
 7λ
for  1 < xs <
< xs < 1 
;
12   24
2
 8
For all other values of λ1 , Bsa is 0
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(B3)

The amplitudes of the space harmonics can be calculated as


 k3π 
 k5π 
 k7π 
 cos ( kπ ) + 2cos  2  + 2cos  3  − 2cos  4  + ...

ˆ
2 µ0 Nisa 






ˆ

Bsk =
kπ geff 
 k11π 
 k17π 
 k19π 
 k 23π  
... + 2cos 
 − 2cos 
 − 2cos 
 − 2cos 

 12 
 12 
 12 
 12  


(B4)

3) 186 – 188 slot pole combination

Winding Sequence over each tooth
.....B B’B B’ B B’ B B’ B B..A A’ A A’ A A’ A A’ A A’ A A’ A A’ A A’… C C’ C C’ C C’ C C’C C’ C C’ C ...
For 31 slots

For 31 slots

λ1(covers 93 slots)
Bsa

0
Flux Density Waveform for Phase A energized

Figure 3: Shape of Flux Density Waveform
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For 31 slots

The Flux density can be found from the ampere’s law
Bsa =

− µ0 Nisa
23λ1   7λ1
19λ1   3λ1
17λ1 
 25λ1
< xs < −
< xs < −
< xs < −
for  −
; −
; −

186
186
62
186
31
186 
g eff

 
 

7λ   13λ1
11λ   3λ
7λ   5λ
1λ 
 5λ
< xs < − 1  ;  − 1 < xs < − 1  ;  − 1 < xs < − 1 
for  − 1 < xs < − 1  ;  −
62
93
186
186
62
186
186
62 

 
 
 
λ  λ
5λ   7λ
3λ   11λ
13λ1 
 λ
for  − 1 < xs < − 1  ;  1 < xs < 1  ;  1 < xs < 1  ;  1 < xs <
;
186   62
186   186
62   186
186 
 186
5λ   17λ1
3λ   19λ1
7λ   23λ1
25λ1 
 7λ
< xs < 1  ; 
< xs < 1  ; 
< xs <
for  1 < xs < 1  ; 

62   186
31   186
62   186
186 
 93
Bsa =

µ0 Nisa
g eff

25λ1   23λ1
7λ   19λ1
3λ 
 9λ
< xs < − 1  ;  −
< xs < − 1 
for  − 1 < xs < −
; −
62
186
186
62
186
31 

 
 

5λ   7λ
13λ1   11λ1
3λ   7λ
5λ 
 17λ1
for  −
< xs < − 1  ;  − 1 < xs < −
< xs < − 1  ;  − 1 < xs < − 1 
; −
186
62
93
186
186
62
186
186

 
 
 

λ
λ
5
λ
7
λ
3
λ
11
λ
λ
λ
 
 

 
1 
for  − 1 < xs < − 1  ;  1 < xs < 1  ;  1 < xs < 1  ;  1 < xs <
;
62   186
186   62
186 
186   186
 62
7λ   5λ
17λ1   3λ1
19λ1   7λ1
23λ1   25λ1
9λ 
 13λ1
< xs < 1  ;  1 < xs <
< xs <
< xs <
< xs < 1 
for 
;
;
;
93   62
186   31
186   62
186   186
62 
 186
For all other parts of λ1 , Bsa is 0

(B5)

The amplitudes of the space harmonics can be calculated as
  kπ 
 kπ 
 k3π 
 k5π 
 k5π 
 k6π  
 − sin 
 − sin 
 − sin 
...
 sin   − sin   − sin 
31
93
31
31
93
31














ˆ


µ
Ni
π
π
π
π
π
k
k
k
k
k
4
7
7
9
11
13










0
sa
Bˆsk =
... − sin 
 + sin 
 + sin 
 + sin 
 − sin 
...  (B6)
kπ geff 
 31 
 93 
 31 
 93 
 93 


 k14π 
 k17π 
 k19π 
 k 23π 
 k 25π  
... + sin 
 + sin 
 + sin 
 + sin 
 − sin 
 
 93 
 93 
 93 
 93 
 93  
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Result
The result of magnitude of space harmonics till 8th is tabulated below:
Machine.

1

2

4

5

7

8

180 – 160 slot-pole combination

-28

33

111

89

9

-4

192 – 196 slot-pole combination

-752

105

71

10

-8

36

186 – 188 slot-pole combination

127

74

-23

-32

7

19

Table II: Comparison of amplitudes of space harmonics

The 9 slot-8 pole combination is a good topology [8] and the losses caused by eddy
currents are acceptable. The 180-160 slot pole combination represents this case. If we
assume that the losses caused by the magnitudes of space harmonics in 180-160
combination are acceptable, then 186-188 slot pole combination represents a favorable
topology whereas 192-196 combination is expected to cause more losses. The magnitude
of space harmonics gives us an indication about the losses.
Although it can’t be crisply said without further work but selection of slot-pole
combination which gives a highly distributed winding can be expected to have acceptable
eddy current losses. More combinations need to be tried to form a guideline in this
respect.
Also detailed calculations of eddy current losses and experimental verification of the
model are required to see how much losses are actually present. These are topics for
further research.
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