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Abstract

Abstract- The introduction of compacted insulated iron powder in electrical machines design
makes their manufacturing process easy together with high rates of production and the
machine parts made from it are stable dimensionally compared to conventional laminated
steel. The research work presented in this thesis was carried out with the main aim to improve
the overall performance of a three-phase Axial Flux Machine (AFM) using Soft Magnetic
Composite (SMC). To realise it, the machine was redesigned in a way to benefit from the
unique properties of the material such as low eddy current loss at high frequency, isotropic

magnetic properties and simple manufacturing process.

Due to the three-dimensional (3D) nature of the SMC material and AFM structure, 3D Finite
Element Analysis (FEA) was carried out for accurate prediction of performance and
extensive simulation results were provided. Higher fill factor up to 70% was achieve by
compacting the pre-formed coils on a bobbin before sliding onto the tooth for final assembly,
which offered a significant improvement in performance. AC winding loss analysis was
performed due to open-slot stator winding configuration and the higher frequency of
operation resulting in skin-depths of the same order of size as the typical conductor
diameters. A method of AC winding loss reduction was introduced using a single steel
lamination sheet to shield the windings from stray fields due to the open-slot stator
construction which encourage an elevated AC loss at AC operation. Moreover, this approach
is easy to implement for this machine topology and does not require the use of more complex
twisted and Litz type conductors.

To validate the 3D FEA, a prototype machine was built which ultimately resulted in 6
machines being tested without and with steel lamination sheet during this PhD. The measured
result which includes the back EMF, full load voltage, torque, power and losses are
thoroughly presented and agreed with the 3D FEA very well. Depending on lamination type,
it is shown that the AC winding loss reduced by up to 48.0%, total loss reduced by up to
31.7%, this method has disadvantages of minor reduction of up to 3.5%, 5.8% and 2.8% in
the peak back EMF, torque and output power respectively. The efficiency has increased by up
to 10.3%.

The research studies signify the viability of designing and producing a highly efficient AFM
with SMC and has the potential for mass production, this thesis makes significant
contribution by implementing a simple novel method for AC winding loss reduction using

steel lamination sheet to shield the stray flux due to open-slot stator winding construction.
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Chapter 1 — Introduction

1. Introduction

The present global challenges and growing pressure for innovative solution will demand
electrical machines to take a leading role in the lives of everyone in developing countries,
especially thousands of machines used in domestic applications. The main aim of this
research work is to further knowledge in the development of highly efficient open-slot stator
winding axial flux machine (AFM) with soft magnetic composite (SMC). This chapter
outlines the background of the research and challenges associated with the open-slot stator
winding configuration. It also presents the main objectives, procedures to achieve the design
development and principal contributions developed in this research work together with the

thesis outline. Details are also provided of the published work.
1.1 Project Background

Since the inception of electrical engineering, the efficient and cost-effective design of
electrical machines has been a demand quality for machine designers. Consequently,
electrical machines produced have better efficiency. A little enhancement in the machine
efficiency can even reduce energy consumption and the cost of production. To develop a
highly efficient machine requires correct understanding of the losses in the electrical
machines. Therefore, designing more dependable, energy-saving and highly efficient

electrical machines is an area of interest for machine designers.

The main sources of losses in electrical machines are the stator winding copper loss and
magnetic core iron losses. Regarding the former, concentrated windings pre-wound on a
plastic bobbin and slid onto a single tooth, which offers a good usage of copper and can
reduce copper losses in the magnetic circuit design. Magnetic core iron loss, on the other
hand, is affected by excitation frequency and the speed of the machine. This causes eddy
currents in the core which reduces the machine performance. The traditional way to reduce
this effect is by the use of laminated steel. Steel lamination sheet has been used for electrical
machine core construction for decades [1] and to reduce the effect of eddy current. It has a
number of disadvantages; this includes significant iron losses at high speed, material waste in

the process of traditional punching and introduction of mechanical strain. The latest method
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of making steel lamination sheet, such as Hot-roll, extrusion, flame and adhesive has the
effect of increasing the cost and decreasing the mechanical strength of steel lamination sheet.
Therefore, there is a need of looking at alternative materials in producing the machine core
that offer lower losses than the conventional steel lamination sheet at high speed.

A lot of research has been carried out which offers alternative to steel lamination sheets using
SMC and the principle of loss reduction is similar to that of steel lamination sheet when the
path of flux is reduced [2]. In the recent development of SMC powder each grain is insulated
from all of the neighbouring grains which increase the resistivity and they can be compacted
into finished shape. Moreover, this material has some drawbacks, including lower magnetic
permeability and lower saturation flux density, when compared with steel laminated sheets
[3], a company behind much of the development in SMC technology is Hoganas AB of
Sweden [3]. A detailed discussion on SMC production and properties will be presented in
Chapter 2.

The AFM is well known for 3D structure, high torque and power density, high efficiency and
short axial length [4]. The majority of applications require compact electrical machines
design with high efficiency and one of the factors that affect efficiency of a machine at high
speed is AC winding loss, enhanced skin and proximity effect. It can also be influenced by
the size of the conductor and amplitude of the current flowing in a conductor [5]. Recently
machine designers have a lot of interest in AFMs as reported in [6] due to their use in a wide
variety of applications when high efficiency together with high torque density is required.
Fundamental properties such as short axial length and compact design make its suitable for
direct drive applications as stated in [7]. Increasing the operating speed of such machines can
lead to a reduction in their size, weight and cost. The losses in electrical machines constrain
the overall efficiency and the output characteristic of such machines has a significant effect

on their selection.

A single-sided open-slot AFM has been designed and developed in Newcastle University as a
demonstrator. The stator of the prototype machine is built using SMC developed by Hoganés
AB of Sweden. This machine however had a poor overall performance due to the open-slot
stator winding configuration which influenced more AC winding loss in the machine as a

result of field from the rotation of the permanent magnets on the rotor assembly.



https://www.hoganas.com/globalassets/download-media/sharepoint/brochures-and-datasheets---all-documents/somaloy-5p_material-data_june_2018_2274hog.pdf
https://www.hoganas.com/globalassets/download-media/sharepoint/brochures-and-datasheets---all-documents/somaloy-5p_material-data_june_2018_2274hog.pdf
https://www.researchgate.net/profile/TA_Lipo/publication/228449891_Axial_flux_permanent_magnet_disc_machines_A_review/links/0fcfd5101846ea4ce1000000/Axial-flux-permanent-magnet-disc-machines-A-review.pdf
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7551122
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6352898
https://lutpub.lut.fi/handle/10024/31185

Chapter 1 — Introduction

1.2 Challenges of Open-Slot Stator Winding

In open-slots stator, the teeth are straight to allow easy coil placement and replacement but
resulting stray flux enters slot (and coil) as shown in Figure 1-1. The changing flux through
the coil induces losses which at high frequency can be significant. However, the
configuration encourages an elevated winding loss from the PM rotor. The eddy-current
losses induced in the stator winding as a result of the time-changing field from the rotation of
the PM rotor assembly are the dominant component of the winding loss at the AC operation
[8]. This issue of excess AC winding loss in open-slot configuration needs to be address to
reduce the losses and improve the overall performance by using different techniques of
shielding the coils from stray fields, which are discussed in Chapter 5, 6, 7 and 8.

Rotor core-back Stray flux Magnet Stator teeth Stator core-back

Figure 1-1: Stray flux due to open-slot configuration.

The slot opening distorts the waveform of the airgap flux density which causes increased
additional AC winding loss at high speed and torque ripples and reduces efficiency of the
machines. The employment of the slot magnetic wedges in the stator or rotor open-slots has
proved an efficient technique when dealing with radial flux machines and an effective
method to improve the induction motor performances was reported in [9]. Magnetically
anisotropy wedge in the stator slots of radial flux machines especially a model rotating
machine has proved to be a powerful technique in the reduction of the leakage flux and flux
ripple in the airgap compared to isotropic wedge within a given anisotropy range [10].
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The utilization of magnetic wedges is a good solution to improve the performances of an
electrical machine with open stator slots [11] however it has a little influence on the core
losses under no-load condition [12]. The relative permeability of slot wedges material plays a
vital role in electrical machines performance improvement with low relative permeability
materials improved performance with minor reduction in torque and no-load parameters as
reported in [13].

It is clear that the slot wedges have proved to be an efficient method used in high speed radial
flux machines to improve the performances, but they cannot be done cheaply using a single

steel lamination sheet for all slots as in axial flux machines.

This work will focus on a cheaply technique of AC winding loss reduction in an AFM using a
single steel lamination sheet, in a radial flux machine it is hard to imagine a single steel
lamination sheet making all the slot wedges. This partially results from wanting to slip the
coils onto the tooth. The AFM is design with SMC material together with high-energy
magnets like Neodymium Iron Boron (NdFeB), which can be used to improve the overall
performance of the machines. This combination has become a good replacement to radial flux
machines when the pole number is high and axial length is short [7] [14]. Also, a reduction in
the costs of production has made them suitable for low and medium-power motor and

generator applications [15].

The problem of open-slot stator winding construction in an AFM was responsible for the poor
overall performance of the machine due to excess AC winding loss at high speed. Hence
improving the machine’s performance by reducing the magnitude of AC winding loss is
important. In this thesis, several methods were proposed, and it is shown that AC winding
loss and total loss can all be significantly reduced with a significant effect on the overall
performance of the machine and minor effect on the back EMF and overall torque output.

1.3 Objectives of the Thesis

The main objectives of this research work are to:

1. Develop a highly efficient open-slot AFM using SMC material.
2. To make the winding aspect of the design simple by being pre-wound on a former

before sliding onto the stator tooth.
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3. To improve the overall performance and prevent an increase in slot temperature
by introducing a new approach to AC winding loss reduction as a result of open-
slot stator winding construction using a single steel lamination sheet.

4. To design, construct and test a prototype machine and validate the 3D FEA

results.

In order to achieve the design development and validate the 3D FEA, the thesis proposes the

following steps:

1. Carry out a literature and technology review on state of the art on AFM which
includes the design and FEA modelling, loss and thermal analysis evaluation,
materials and manufacturing, torque and extended speed and review the use of
magnetic shielding in the stator slots.

2. Carry out 3D FEA and verification on a baseline machine designed in Newcastle
University, to see how the performance can be improved by using a design
investigation on different parameters variation and assessing the AC winding loss
due to open-slot configuration. Develop a method for AC winding loss reduction
with the aid of a single steel lamination sheet to shield the coils from stray fields.

3. Production and testing of a prototype machine to validate the 3D FEA, this
construction uses a simple way of winding the coils on a former before sliding
onto a tooth for fill factor improvement, easy replacement and full testing scale at
different conductor size and operating conditions.

4. Presenting the experimental test results of the prototype machine.

Due to the 3D nature of the SMC and that of AFM, 3D FEA (Infolytica MagNet and JMAG)
were used to analyse the machine. Verification of baseline machine was done with Infolytica
MagNet software and one-quarter of the machine was used in the analysis to minimise
simulation time, furthermore it is used in the design improvement of the machine and half of
the machine was utilised in the simulation due to slot and pole number combination. AC
winding loss was carried out using JMAG software due to complexity in the coil design and
shorter computational time moreover one-twelfth of the machine was used to evaluate AC

winding loss and reduction.

The advantages of JMAG over others electromagnetic finite element software to electrical

machine analysis have been proven time and again. Even though electrical machines are
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considered mature products, they still face new demands for higher performance and these
demands have increased competition among machine designer to get the most result from a
design. It is faster, high productivity, accurate, open interface and has the capabilities of
designing and evaluating complex phenomena such as AC loss in an individual stranded

conductor in addition to basic characteristics such as induced voltage, torque and inductance.

This PhD used different single steel lamination sheet to reduce the AC winding loss due to
open-slot stator winding construction. It is shown that AC winding loss and total loss in the
machine can all be significantly reduced with minor effect on the back EMF and overall
torque output. Six machine variants were built and tested for AC winding loss reduction and
one best machine was chosen that reduced the AC winding loss by 48.0%, total loss by
31.7%, however this method has disadvantages of minor reduction of 3.5%, 5.8% and 2.8%
in the peak back EMF, torque and output power respectively. The efficiency has increased by
10.3%.

1.4 Research Contributions to Knowledge Furtherance

The principal contributions developed in this research work are as follows;

1. AC winding loss analysis in which the effect of 3D nature of SMC and AFM were
taken into consideration.

2. A novel method to AC winding loss reduction in AFM was explored using different
steel lamination sheet. This approach is easy to implement for this machine topology
and does not require the use of more complex twisted and Litz type conductors. It is
shown that this technique has reduced the AC winding loss by up to 48.0% and total
loss by up to 31.7%, the efficiency increased by 10.3%.

3. Constructing and testing of 6 prototype machines without and with different single

steel lamination sheet to assess the effect of magnetic shielding.
1.5 Outline of Thesis

This thesis is structured as follows;

Chapter 1 provides the Introduction and project background, challenges of open-slot stator

winding construction, objective of the thesis together with procedures to achieve the design
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development, research contribution to knowledge furtherance, thesis outline and work

published from the research work.

Chapter 2 presents the AFM history together with comparison between AFM and radial flux
machine, SMC in electrical machines, typical applications area and the state of the art in
AFM development which includes; AFM stator winding, design and FEA modelling, loss
evaluation and thermal analysis, torque and extended speed, materials and manufacturing. It
also presents SMC production and properties, review on the use of magnetic shielding in the
stator slots and loss mechanisms in electrical machines. Topologies of AFM that includes;
single-sided, double-sided and multi stage configuration. Finally, it reviews the features

advantages and disadvantages of AFM.

Chapter 3 gives the 3D FEA and verification of a baseline machine together with machine
topology and overall performance simulation, which includes; meshing, cogging torque, axial
force between stator disc and rotor disc, losses at full-load current, back EMF and harmonic
analysis. Experimental validation of cogging torque and on-load torque of the machine
together with the instrument used to conduct the tests measurement are also presented.

Moreover, recommend techniques to improve the machine performance.

Chapter 4 investigates the design improvement of AFM with 110 mm outer diameter, this
comprises the design methodology and optimisation with respect to sensitivity of average
torque on parameter variation such as airgap length, magnet length and span, slot width, inner
and outer diameter and core-back of the stator and rotor using 3D FEA. The final topology
and dimensions were chosen, and three-dimensional finite element analysis of the machine
was conducted and overall performance simulation results of the back EMF, loss, output

power and efficiency were presented.

Chapter 5 provides an assessment of AC winding loss in the machine, eddy current loss in
stranded conductor, effect of conductor diameter, conductor position within the slot, speed,
and mesh size on AC loss calculation and alternative method of calculating AC loss;
analytical expression for Ra/Rqc. Current density distribution within the conductors and AC
to DC ratio factor.

Chapter 6 explores a new technique for AC winding loss reduction, which relies on different
single steel lamination sheet together with the principles of slot leakage inductance. It also

provides the 3D finite element analysis together with comparison of losses, airgap flux

7
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density, cogging torque and axial force and machine efficiency with different steel lamination

sheet.

Chapter 7 provides the academic investigation into the mechanism of loss reduction
(shielding mechanism) by using idealised materials (high reluctance/zero conductivity and
vice versa). These includes, material conductivity and thickness, flux linkage, back EMF and
harmonic analysis, no-load and on-load total loss, cogging torque and axial force and on-load

torque together with slot designs.

Chapter 8 describes the mechanical design, prototype construction and assembly. Mega

Ohm test and Surge test. Block diagram of the experimental tests setup is also presented.

Chapter 9 presents the test rig and equipment set up for the experimental tests together with
the results and evaluations of the experimental tests carried out on the optimised prototype
machine with 1.4 mm and 3.2 mm conductor diameter. This includes winding resistance,
back EMF measurements and harmonic analysis without and with steel lamination sheet, on-
load torque, output power and terminal voltage, total loss in the machine, AC winding loss

with 3.2 mm conductor diameter, efficiency and coils temperature rise.

Chapter 10 presents the conclusion of the research work and outlines further work that can
be done to improve the performance of the machine. Finally, the thesis concludes with

appendix and references.
1.6 Published Work

The following publications and conference proceedings have stemmed from this research

work;

1. Aliyu, N., Atkinson, G. and Stannard, N., “Concentrated winding permanent
magnet axial flux motor with soft magnetic composite core for domestic
application” 2017 |IEEE 3" International Conference on Electro-Technology for
National Development (NIGERCON) pp. 1156-1159. November 2017 IEEE.

2. N. Aliyu, G. Atkinson, N. Stannard “Assessment of AC Copper Loss in Permanent
Magnet Axial Flux Machine with Soft Magnetic Composite Core” PEMD 2018
held at ACC Liverpool UK.
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3. N. Aliyu, G. Atkinson, N. Ahmed, N. Stannard “AC Winding Loss Reduction in
High Speed Axial Flux Permanent Magnet Machine using a Lamination Steel
Sheet” International Electric Machines & Drives Conference (IEMDC 2019) held on
May 12-15, 2019 at Westin San Diego, San Diego USA.
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2.

Literature Review

2.1 Introduction

This chapter presents a literature and technology review of the research work done so far

relating to this thesis. It has two main objectives: to ensure that the research work to be

carried out is novel. Secondly to give a summary of the work done by other researchers in

this field of study and see how to further knowledge in the course of this project.

The research work in this thesis proposes to use soft magnetic composite in the design of

single-sided open-slot AFM as a demonstrator. In order to realise a highly efficient machine,

magnetic shielding is used to divert the stray flux reaching the windings, it is also important

to look at other AFM topologies in the course of reviewing. The review has been approached

in by separating it into a number of areas as follows:

The history of axial flux machines to give a level of background.

Comparison of axial flux machines with radial flux machines in terms of torque
production together with a review on SMC in Electrical Machines and typical
application areas of axial flux machines.

A review of the progress achieved over the years in the design and analysis of AFM,
attention would be given to the aspects of stator winding design, FEA modelling,
evaluation of loss and thermal analysis, torque and extended speed, materials and
manufacturing.

A review on soft magnetic composite material that include the production process and
properties, particularly the typical prototype SMC Somaloy.

A review on magnetic shielding and loss mechanism, attention would be given to the
used of magnetic slot wedges for overall machine performance improvement.

A review on the AFM topologies these to include; single-sided consists of a single
stator and a single rotor, double-sided consists of either two stator and a single rotor
or two rotor and a single stator, multistage consists of multi rotor and multi stator.

Finally, to review the advantages and disadvantages of axial flux machine features.

10
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2.2 History of Axial Flux Machine

Axial flux machines are highly compact structure together with high torque, power density
and high efficiency which can be kept over a wide operating range. The issue of complex
mechanical questions can now be eliminating by new techniques in the design and
constructions. Typically, AFM’s with larger diameter and relatively shorter axial length can
be used in many applications which are cost-effective in terms of active electromagnetic
material for a given output power ranging for low speed to high speed, high torque to low

torque applications, it can also be considered for applications in a wide power range.

This section gives the brief history of axial flux machine design. The first electrical machine
in Figure 2-1 built as a disc generator by Faraday in 1831 was based on axial flux idea [16]. It
is called homopolar generator or disc dynamo and consists of an electrically conductive disc
or cylinder rotating in a planer perpendicular to a uniform static magnetic field. A potential
difference was created between the centre of the disc and the ends of the cylinder. The
electrical polarity depends on the direction of rotation and field orientation. The output

voltage is low, on the order of a few volts.

Rotating disc

Output terminal
Generator base

Figure 2-1: Disc generator built by Faraday in 1831 [16].

11
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A machine that used the axial flux concept was patented by Tesla in 1889, as shown in Figure
2-2 [17]. The upper picture shows the frame holding the machine disc, whereas the two lower

pictures shows the side view and cross-sectional view of the machine.
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Figure 2-2: Electromagnetic machine with a disc rotor built by Tesla [17]
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Torque in the machine is produce due to the angular displacement of the magnetised movable
parts by the same currents with respect to one another. Instead of being the result in the
difference in the magnetic poles or attractive parts to whatever due, however the best means
to achieve these results was related to the armature and field laminations of the magnetic core
for the significant magnetic attractions. AFM become dormant after the first radial flux

machine was patented in 1937 [18].

Some of the reasons for the displacement of axial flux machines by radial flux machines were
the large force of attraction between the stator and rotor, high cost of production and

balancing the stator disc and rotor disc together with manufacturing difficulties.

Notwithstanding, of recent years interest in axial flux machines has grown due to the advent
of rare earth permanent magnets and invention of new materials such as SMC and technology

in manufacturing, hence, the rise for this machine in new applications.
2.3 Comparison of AFM and RFM

The magnetic flux path in an AFM is different from that of the radial flux machine (RFM). In
RFM the flux travels radially from the rotor and the stator through the airgap which result in
longer flux path and the flux must make a bend that must follow a two-dimensional (2D)
path. But, in this machine the flux travels parallel to the axle of the machine and his type of
rotor is often referred to as a pancake rotor and can be made much thinner and lighter than
other types [19].

The magnets are usually located further away from the central axis, which results in a larger
lever on the central axis and for a double rotors configuration, its result in a large surface area
in relation to the size of the machine. Figure 2-3 presented a typical representation of AFM
and it shows the direction of rotation together with the force and flux density. The inner and

outer radius was also shown in the diagram.
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dF

Figure 2-3: Typical representation of AFM

Figure 2-4 shows the axial flux machine in which the torque, T is given by equation (2.1),

whereas Figure 2-5 shows the radial flux machine and torque, T is given by equation (2.2).
T = Ko D,° (2.1)
T = K,sD,’L (2.2)

where D, is the outer diameter, L is the length, K,r and K, , are axial and radial constants

based on the machine dimension.

It can be seen from equation (2.1) that the torque of axial flux machine is proportional to the
cube of outer diameter D,, while it is proportional to the square of outer diameter D, in the
case of radial flux machine as in equation (2.2), which means that the larger the diameter the
bigger the torque produce by the machine. The strong axial magnetic forces between the
stator and rotor, positioning of the stator, rotor, winding and fabrication difficulties are some

of the initial challenges of axial flux machine design as reported in [17].
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rotors

2

Stator block
Figure 2-4: Axial Flux Machine

In the electromagnetic perception, AFM has an inherently more efficient topology as
compared to RFM. The flux path is shorter, from the first magnet through one core-back to
the other magnet. About 50% of the RFM winding is not active, that is the part located
outside the stator teeth which is called coil overhang or end winding and results to additional
electrical resistance and more heat dissipation. This type of winding is called distributed and
results in much worse power to weight ratio compared to AFM which have no coil overhang
or end winding when concentrated windings are used where almost 100% of the winding is

fully active.

Stator fl

ux
l

Figure 2-5: Radial Flux Machine

In RFM, heat has to be conveyed through the stator to the outside of the machine. But steel is
not a very good heat conductor however the coil overhang or end winding is very difficult to

cool, because it has no direct contact with machine casing.
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In AFM especially when aluminium casing was used, heat transfer is excellent because the
core is directly in contact with the outside casing and aluminium is a very good conductor of
heat.

In [20] a comparison between an inside rotor RFM and three different AFM was reported.
Their work was based on the sizing equations and the electromagnetic torque, it is found that
the AFM has a better performance by a factor of up to 2.4 depending on the type of AFM,
however they have not discussed two rotor AFM also known as TORUS NS type. Similarly,
a details comparison of double-sided AFM was discussed in [21].

A comparison between the RFM and four (4) different type of AFM were provided in [22]
and the analysis were carried out at five power levels ranging from 0.25 kW to 10 kW at
rated speed ranging from 1000 rpm to 2000 rpm. The comparison consisted of volume,
weight, power loss and inertia. It is found that AFMs have high power density and less
weight, the slotted AFM require less material than the RFM, but more magnet than RFM.
However, the copper loss is much higher in slotless AFM than that of the slotted RFM.

From a simple thermal point of view, a comparison between AFM and RFM was reported in
[23] and the machines were compared in terms of electromagnetic torque and torque density
and several design for a range of aspect ratios were carried out and found that at large aspect

ratio, the AFM showed a very high specific torque when compared to small aspect ratio.

A detailed study on comparing RFM and AFM together with introduced mechanical
constraints was presented in [24] and the analysis has been based on the electric and magnetic
loading in the machines and their conclusion in terms of cost were that with 8 poles the
design have similar cost, as the poles increased above 8 AFM has lower cost compared to
RFM.

Form the above comparison; it is clear that machine designers have demonstrated that at a
high pole number together with free or constrained to large aspect ratio, AFM geometries

should be earnestly considered.

The three-dimensional nature of the fluxes in AFM makes their construction perhaps very
difficult, complex and impractical to some extent with steel lamination sheet. However, the
introduction of SMC as core material of electrical machine overcome the limitation of steel

lamination sheet and the problem will be solved, because they are isotropic in nature and
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have 3D flux path and low losses as compared to conventional steel lamination sheet at high
frequency. But, they have a low permeability which requires more material and they can be
compacted into finished shape which is very difficult to achieve using steel laminations sheet
as stated in [25].

2.4 SMC in Electrical Machines

SMC application in electrical machines is not new and there is research effort in the recent
years focusing on using SMC due to advancement in the production and its unique properties
such as low iron loss and isotropic magnetic properties [26]. Electrical machines with steel

laminated sheet core are inherently limited to 2D magnetic flux paths.

AFM fluxes are 3D in nature, designing them with steel lamination sheet is inefficient and
complex, although earlier designs used lamination due to lack of other material technology
availability. SMC provide the answer to steel lamination sheet limitation and have a

reasonable iron loss compared to steel.

The Electrical Power Group at Newcastle University has used SMC in the development of
electrical machine using iron powder with refined coating technology from Hoganas AB of
Sweden. At the beginning a simple machine was constructed and tested, it compared well
with the identical steel laminated design. Furthermore, they extended it to more complex
machine that were impossible to be designed using steel lamination sheet as reported in [2].

Similarly, another student developed a modulated pole machine topology exploiting mutual
flux paths with SMC for high torque and low speed electric bicycle application [27], this
machine exhibits high cogging torque and back EMF harmonic which causes vibrations,
however work has also been presented on minimising these effect to enhance the
performance as reported in [28].

Some of the research work done on utilising SMC in machine design includes; Transverse
field machines with 3D SMC core structures for direct drive application in which high torque
and low speed is required and is shown in Figure 2-6. The figure illustrates the magnetically
relevant parts of the prototype machine with an SMC stator core. This machine consists of 6
SMC stator and 3 circular coils which offers a potentially reduced manufacturing cost

compared to the conventional steel laminated stator motors with distributed windings [29].
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The analysis of the machine investigates the benefit of SMC in the design and making small

motors with complex geometries and the performance of the machine was reported at 640 W
and 1800 rpm.

Stator teeth

Magnets @ (®)

Figure 2-6: Magnetically relevant parts of TFM (a) rotor and (b) stator [29]

Application for linear motion is shown in Figure 2-7 [30]. The authors investigated the
influence of three different SMC materials on the performance of a tubular permanent magnet
machine to compares the relative advantages of steel lamination sheet and SMC. The
prototype machine is equipped with a modular stator winding and employs a quasi-Halbach
magnetized moving-magnet armature.

Windings

Stator block

Magnets

Translator

Figure 2-7: Schematic of 9/10 slot/pole tubular modular PM machine [30].
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It has been shown that, despite its poorer space utilization, a machine whose stator is
fabricated from steel laminations has the highest force capability, efficiency and power
factor. A machine with a SMC stator, on the other hand, has potential advantages in terms of
ease of manufacture and lower cost. [30].

SMC teeth in conventional flux machines were presented in [31] to evaluate the performance
of the machine. The machine characteristics, such as iron loss was measured with the SMC as
teeth in the machine and found to have a comparable iron loss and efficiency as low-grade
magnetic steel lamination sheet such as M300-35A and M470-50A.

SMC material was used in the design of a low speed wind generator AFM for high torque
density applications as stated in [32]. The machine is double-sided with slotted, it was built
and tested to demonstrate the advantages of reduced size, weight and cost in the production.
It is found that the combination of SMC and AFM can lead to new machine design with
improved performance if accurate design measures are taken into consideration. The

prototype machine is shown in Figure 2-8.

Rotor

Shaft

Figure 2-8: Complete assembled double-sided axial flux machine [32].

A comparative study of 3D flux machines with SMC was presented in [33]. The machines are
claw pole and transverse flux machine and equivalent electric circuit was used to determine
the machine performance and found that the transverse flux machine uses PMs and copper as

twice as the claw pole machine and produces more output power at a given rotor speed.
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Brushless DC motors for mass advantage in manufacturing for use in automobile application
using SMC was presented in [34] it also shows the benefit of having better core shape and

winding together with high fill factor.

A novel vertical machine using soft magnetic composites was presented in [35] as shown in
Figure 2-9. This machine employs a very different structure when compared to conventional

electrical machine.

SMC teeth

Winding

Figure 2-9: Typical vertical machine [35]

The stator of the machine has poles that do not point at the shaft of the machine, but they are
parallel to the shaft so that they can interact radially with rotor and magnets. It is found that
varying the airgaps and using different SMC materials in the machine results to several

improvements including efficiency.

SMC material was used in the design of modular PM machines as presented in [36]
furthermore PM Wind generator with SMC cores and performance evaluation was reported in
[37] as shown in Figure 2-10. However, the effect of machining SMC was investigated and
found that the iron particle regions are smeared on the machined surfaces.

This smeared iron was removed to reduce the eddy current losses using an acid treatment.
This process resulted in lower back EMF and the benefits of using acid treatment appear to
outweigh the adverse effects introduced by the process.
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Teeth shoe
Windings

Figure 2-10: Acid treated stator core fully assembled machine [37].

A dynamic analysis of Reluctance switched motor using SMC was presented in [38]. The 2D
model is as shown in Figure 2-11. It is a doubly salient and singly excited machine in which
the stator accommodates the winding and the rotor is made of steel lamination sheets.

Three different materials namely: M19 steel, SMC 500 and SMC 1000 were used in the static
magnetic analysis through FEA and found that machine with SMC offers reduced torque

ripple and total weight in the machine.

Stator

Rotor
Winding

Figure 2-11: CAD model of 6/4, 3-phase SRM [38].
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The benefits of using SMC in the design of high speed permanent magnet motor was

discussed and reported in [39] and the 2D model of the machine is shown in Figure 2-12.

m STATOR CORE

unnun-:»m/ - =
PERMANENT

MAGNET

WINDINGS

v ALUMINIUM
SLEEVE

Figure 2-12: 2D view of high-speed PM machine [39].

The machine has 15 stator slots and 4 pole magnets, and the analysis was carried out using
edge element method. It is found that at high speed the efficiency of the machine is high and
concluded that this SMC material can be an alternative in the design of high-speed machines

working at frequency above 400 Hz.
2.5 Typical Applications of AFM

AFM appear in extensive variety of applications where its geometric features are proposing
some significant advantages over the conventional radial flux machines. Other alluring
features of these machines are lowered losses, high power and high torque density, simple
construction and above all high efficiency.

Typical area of applications of AFM includes: wind generator, elevator, mobile drill rigs,
power generation, oil beam pumps and electric vehicle as reported in [40]. Application as
direct motor in an electric bicycle with SMC has been describe in [41] [42], AFM machines

are suitable for application in ship propulsion with two direct driven counter rotating
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propellers to eliminate the use of gearbox in traditional system as stated in [43]. This system
which permits opposite rotation of the rotors is used to recover the loss energy due to the

rotational flow of the main propeller.

Slotless AFM can be an appropriate direct drive machine to compute with the conventional
induction machine in adjustable-speed pump applications as presented in [44] due to the light
weight, high torque density and low cost manufacturing. It can also be use in applications
where a very compact machine design is required as mention in [45] and compact wheel
direct drive for electric vehicle as reported in [46].

AFM can be a perfect candidate in a flywheel energy storage device to decrease fuel
consumption in hybrid electric vehicle as design in [47]. It can also be used in an application
which includes: high speed power generation driven by a gas turbine in a hybrid traction
system [48], storage devices and computer peripherals [49]. The improvement in AFM
fabrication technique and the introduction of compacted insulated iron powder makes them a

better candidate in low cost domestic direct drive application [17].

From the above discussion it is clear and interesting that AFM can be utilise in almost all area
of electrical machine applications with advantages of high torque density and high power

density, light weight, compact design and direct drive application.

2.6 State of the Artin AFM

AFMs are being designed and built for many applications due to their attractive features such
as compact design. They can be designed to have a higher power density which can result in
less core material. Moreover, the airgaps in the machine can easily be adjusted due to the fact
that they are having a surface without bends. The noise and vibration levels are less when
compared to the conventional RFM. Also, the direction of the main airgap flux can be varied
and many design topologies can be obtained. These benefits present the AFMs with certain

advantages over conventional RFMs in various applications as mention in section 2.5 above.

This section reviews the recent progress in the design and analysis of AFM, particular
attention would be given to the aspects of stator winding design, design and FEA modelling,
evaluation of loss and thermal analysis, materials and manufacturing, torque and extended

speed.
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2.6.1 AFM Stator Winding

This sub-section discusses the stator winding design of AFM. Generally, the stator windings
of any electrical machines can either be distributed or concentrated windings. In distributed
windings coils span in more than one slot, while in concentrated windings coils are wound
around a single tooth only. They can be wound around each tooth either single layer or
double layer concentrated winding. Moreover, concentrated winding offer lower copper loss
due to their shorter and compact end windings as reported in [50], simpler winding
automation and greater magnetic and electrical isolation between phases, but generally has
smaller winding factor and larger winding space harmonics when compared to distributed
windings. The shorter end windings can result in shorter total length and lower manufacturing

cost.

Concentrated winding permanent magnet machines have attracted strong interest due to their
low cogging torque and copper loss, the design, analysis and performance evaluation of such

machines was examined in [51] and [52].

The slotted stator AFM is well suited for concentrated windings as demonstrated in [52].
Notwithstanding, eddy current losses in the rotor core-back and surface mounted permanent
magnet for concentrated winding designs can be very significant due to sub-harmonics from
the slot winding [53], which can significantly reduce the efficiency. The stator windings of

AFM can either be connected in parallel or in series.

To avoid the circulating currents, the series connection is generally preferred. A parallel
connection allows the machines to operate continuously even if one of the stator winding is
disconnected [32]. In this thesis concentrated windings and series connection were used to

achieve a high fill factor in the slot and lower copper losses.
2.6.2 Design and FEA Modelling

At the initial stage, analytical electromagnetic models are used in the design, in which quick
results are required and for a detailed analysis a fraction of the machine is modelled and

analysed using 3D FEA to reduce the simulation time.

Recent development in compacted insulated iron powder and the use of concentrated winding
has made AFM the subject of discussion among machine designers due to decreased core
losses at high frequency and ease of fabrication for mass production.
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In general, AFM design uses the sizing equation, which the standard approach as reported in
[54] gives two types of sizing equations; the classical equation and the electromagnetic
torque to the principal geometrical, electrical and magnetic parameters of an AFM. In [55]
the classical equation for mechanical power was adapted for motor and apparent power [56]

for generator.

The standard form of the classical equation in terms of mechanical power is given by

equation (2.3) below as reported in [6]:
bn = meozLe (2.3)

where C,, is the mechanical constant and is mostly expressed as shown in equation (2.4),

which however takes into consideration the ability of utilising wound excitation.
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Equation (2.3) above is mostly utilised when dealing with power density of the machine and
is obtained by either dividing it by the total volume of the machine in W/m? or by using the
total mass of the active parts of the machine in W/kg.

The most general expression of electromagnetic torque equation which relates to the principal

geometrical, electrical and magnetic parameters as mention in [6] is given as:
Tom = %BaveAianl(l - AZ)DS (2.5)

This equation (2.5) has been implemented in the design of electrical machines by different
electrical research engineer across the globe for several years. To obtain the magnetic shear
stress of a machine, equation (2.5) can be used together with the total active rotor surface
similarly torque density in a machine can be derived by dividing the equation with the total
weight of the active component of the machine.

In [57] an analytical function by 3D FEA to account for the curvature effect was derived, in
which the model used 2D analytical solution of the magnetic field and later expanded it to 3D
problem based on effective radial dependence modelling of the magnetic field. The projected
analytical computation of magnetic field was found to agree with the experimental measured
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values in the case of a prototype machine with rated power of 22 W moreover the cogging

torque of the axial flux machine has been studied.

Similarly, an analytical technique for calculating the magnetic field distribution of a single-
sided, axial flux PM synchronous generator without armature core has been presented in [58].
The analysis used a Fourier series method to solve the Laplace’s equation in terms of scalar
magnetic potential and the model proved to be efficient computationally, which determined
the airgap and magnet field components accurately. FEA was used to confirm the validity of
the technique as well as experimental results. This technique can be used in optimal design

procedure for the given type of axial flux generator.

An analytical algorithm model to calculate the magnetic field in the airgap of a surface
mounted slotted AFM using quasi-3D was presented in [59] which results in shorter the
computation time compared to FEA models. The model offers a sufficiently accurate result
and to improve the correctness of the model, they proposed a thermal lumped-parameter

model.

A proposed 3D analytical model that can take both curvature and edge effect into account
was given in [60]. Since the AFM airgap magnetic field density depends on the radial
coordinate a corrector factor can be utilise to account for the flux density near the inner and
outer radii of the machine. This simple factor of correction improved the formulas accuracy

of the output properties derived based on 2D.

2.6.3 Evaluation of Loss and Thermal Analysis

This sub-section presents the literature review on the evaluation of loss and thermal analysis
carried out on AFM. Losses and temperature have played a vital role on efficiency of a
machine hence there is a need to look at the previous research work on these problems. One
of the main issues machine designers faced in designing electrical machines is induced eddy

current which has a major impact on the overall performance of a machine.

This problem sometimes often identifies as an open-slot stator winding configuration which
supports winding loss elevation from the permanent magnet rotor assembly, as well as the
skin effect if a single current-carrying conductor or proximity effect if many current-carrying

conductors.
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In a multi-layer conductor, the skin effect is the tendency of a high frequency alternating
current to flow through only the outer layer of a conductor such that the current density near
the conductor surface is largest and decreases with greater depths in the conductor. But when
the current density of a conductor is caused by the nearby current-carrying conductor the
effect is proximity. Both effects result in a non-uniform current density distribution in a

conductor.

An analytical computation of the eddy currents for a define number of stranded conductors in
a slot together with strands phase relation was reported in [61]. It is found that the main
causes of eddy current loss are the magnetic flux entering the slot next to the airgap and

proposed that this loss can be reduced by magnetic wedges in the slot.

A method for obtaining the eddy current loss (proximity effect) in round conductor using
squared field derivative was presented in [62]. This method can be used for both 2D and 3D
field effects in multi-layer windings to calculate the total AC winding loss in a machine. The

experimental results show that the method is very correct for round conductors.

Analytical techniques are mainly limited to obtaining the effect on a leakage flux. Besides it
an additional eddy current loss can be produced by the main flux entering the slot from the

airgap as stated in [61].

The invented of computers leads to introduction of different type of numerical techniques of
eddy current calculation due to skin and proximity effects. In [63] a method of determining
the skin effect in single and multiple conductors was reported. It used the current density

distribution within the conductor to calculate the losses and other electrical parameters.

A technique for computing induced eddy current losses in the stator of round rotor generator
based on the airgap flux density waveform was presented in [64]. The experimental results
verify that this technique has proved to be a cost-effective design tool.

In [65] a common formulation to accommodate the issue of eddy current diffusion using 2D
FEA was presented. The method used three bus bars conductors and is based on conventional
circuit analysis which takes into consideration the external circuit connections between

conductors.
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A cost-effective frequency-domain and time-domain homogenisation methods to examine the
skin and proximity effects on multilayer conductors using 2D FEA was utilised in [66]. The
authors considered several conductors shape in the analysis and found that in applications it
has shown a clear advantage of using homogenisation techniques.

Temperature rise in the stator and rotor of an electrical machine with non-sinusoidal voltage
was studied using a time step method to compute the current harmonics in [67]. The losses in
the machine are incorporate into heat transfer equation to determine the temperature
distribution. From the experimental results, it is found that the temperature was 5% higher
due to harmonic current from the supply.

The electromagnetic and thermal design of a 28 poles single-sided machine utilising SMC
stator core was performed using 3D FEA together with electromagnetic thermal and fluid-
dynamical which offers an approach to magneto thermal analysis and experimental tests
prove that the rotor is much hotter than expected as presented in [68]. It is found that the 3.5A

rated current was compatible with that of the class of insulation used.

The loss distribution in a 24 slot and 20 pole single layer single-sided axial flux machine was
investigated in [69] and found that difficulties encounter was addressed with machine fitted
with non-overlapped windings. A lumped parameter model for thermal modelling of AFM
was proposed in [70], this model takes account of both conduction and convention heat

transfer and results in potential for simple flow pattern.

A comparison between experimental and computational fluid dynamic results in air-cooled
AFM was performed using 3D models in [71], in which the research work focus on the stator

convective heat transfer and found that losses in stator is lower than losses in rotor.

Form the above literatures; it is clear that the issue of eddy current loss in machines is
extremely paramount. In open-slot AFM there is a need for reducing these effects in other to

improve its performance.

2.6.4 Torgque and Speed

Cogging torque and torque ripple are the main components of pulsating torque in electrical
machine and to improve the performance of a machine there is a need to maintain a certain

level of these two elements.
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A method for multistage AFM for cogging torque reduction with careful selection of magnet
pole arcs was proposed in [72]. The results show that this technique can effectively
minimises the cogging torque without losing much on the peak torque and pulsation torque
component. Double-sided machines with 6 poles were analysed based on pulsating torque in
[73] in which magnet skewing, pie shaped winding, magnet pole arc ratio and non-slotted

machine have great effect on pulsation torque component reduction.

Several methods for minimising cogging torque have been investigated and reviewed in [74]
which show that the effect of skewing, open-slot, slot and pole combination, magnet pole arc
to pole pitch ratio and utilizing the double-sided configuration are very effective tools for
reducing the cogging torque in axial flux machine. But it is disadvantageous as the back EMF
becomes more sinusoidal in waveform which may result in additional torque ripple in

brushless DC machines.

Axial flux permanent magnet machine with 8 poles was investigated for cogging torque
reduction in [75], in which the impact of magnet shape, stator side displacement to minimise
cogging torque were investigated. The results show that magnet shape modification reduced
cogging torque by 60% of the original value and finally the data from the analysis were used

to produce a 5 kW machine.

In [76] 16 poles AFM starter/generators was presented to achieve wide constant power speed
range using technique for flux linkage regulation by displacing the rotors of the machine
using a constant voltage and current sources and the results show that the devices have no

effect on the torque density and overload capacity of the machine.

Furthermore, in [77] the method of stator shifting was explored using a mechanically flux
weakening device and much higher constant power speed range was achieved, this method
allows a simplification of the circuitry downstream from the alternator. The only side effect
of this method was shift in the stator by electrical actuator used. That is to say mechanical

complexity verses electrical complexity.

2.6.5 Materials and Manufacturing

The material commonly used in the design and construction of axial flux machine are the
steel lamination sheet and SMC. The former is limited to 2D flux path, while the later has

advantages of 3D flux path which take into account the nature of AFM.
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The design and construction of a 12 poles AFM with SMC teeth was reported in [25] and
resolved the difficulties related to punching in steel lamination sheet and windings in the
stator. However, it fixes the issues of stability in mechanical design and offers a high fill
factor which increased the overall performance of the machine. The combination of SMC and
steel lamination sheet can be applied to other types of machine due to the severe lacking

magnetisation given by machines build with SMC only.

A cost effective AFM with SMC/steel lamination sheet core and 14 poles was presented in
[78], higher efficiency was obtained in the machine and smear of iron particles was removed
on the SMC surface by the means of a chemical process using phosphoric acid solution. A
yokeless and segmented armature topology motor with SMC and has 10 poles was designed
in [79] and found that the machines have higher torque density of 20% compared with other
motors and the iron loss in the stator decreased by 50% and peak efficiency of 96% .

The adoption of SMC wedges to obtain semi-closed and closed slots was investigated in [6],
however, an AFM with 10 poles for direct drive application was design and constructed in
[80] in which segmented armature torus topology was used and an efficient approximation
method was introduced to overcome complexity in the analytical model.

In [81] an efficient improvement technique of AFM for generator applications with
concentrated pole windings was examined, in which mass can be decreased with only a small
reduction in efficiency. Similarly, the design of a small wind energy generator and
performance comparison of the proposed structure with a trapezoidal teeth structure was
carried out in [82]. A method of core losses was presented and found that copper losses were

most influential and the results shows that the efficiency of the machine was 80%.

A closed-form expression for axial force and optimal torque path of single-sided axial flux
machine was derived in [83] together with voltage and current limitation moreover from the

analysis field-oriented control can be achieved using operation guidance.

The design of a single-sided AFM with non-overlap concentrated windings for in-wheel
traction hub motor drive was optimise using 3D FEA in [84] which results in volume and
mass reduction by 35%, is thus a good candidates for in-wheel traction application and has
the torque ripple reduction of value 3.3% peak to peak. In addition, the winding issue like

length and end of winding were investigated in [85] which lead to better torque performance
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in non-overlap concentrated windings as compared to the normal overlap windings, less

copper mass of almost 15% and less harmonics in the induced voltage waveform.

A new AFM configuration which combines PM and wound coil excitation that can be used
for small scale engine driven generator was presented in [86], in which lumped-parameter
magnetic equivalent circuit model was used in the machine design. Furthermore, an analytical
expression to calculate the structural mass of AFM from both FEA model and data from
already existing low speed AFM was derived in [87]. The results show that 60% of the
machine total mass was inactive at small scale and 90% at megawatts rating and proposed a

multistage design to reduce the mass.
2.7 Soft Magnetic Composite

Steel lamination sheet was early used in the manufacturing of AFM to offer flux linkage to
the winding of the machine as stated in [88] however the development of SMC and the 3D
design techniques overcome the limitations when using steel lamination sheet. Many
impossible and complex shape that cannot be make using lamination punching can now be

made using SMC which makes AFM design more efficient, reliable and cost effective.

Internationally, the name Soft Magnetic Composites (SMC) was accepted for pressed and
heat-treated metal powder components with 3D magnetic properties. Somaloy is a Hoganas
trade name for SMC powders with unique 3D flux properties. They materials are developed
for constructing electrical machine component to provide high performance and low losses.
They can be used for a cost-effective and efficient volume production. In general, Somaloy
can be utilised to provide a compact design with reduction in size and weight that requires

less need of machining and low scrap volume.

SMC materials are produced from high purity and compressible iron powders, in which the
bonded particles are coated with an organic material, producing high electrical resistivity.
The coated powder is then pressed into a die to form a solid magnetic core and finally heat-
treated to anneal and cure the bond [89]. Figure 2-13 shows a schematic diagram of the
component elements of a powder core [90].
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Figure 2-13: Schematic diagram of the component elements of a powder core [90]

A typical iron powder particle has a size of 100 um and coating thickness of less than 1 um.
The mechanical and electrical properties of SMC are based on the mixture of powder used.

Each final component product is based on the mixture for specific requirement needed.

The magnetic properties of each product are attained based on the type of wax containing.

Typically, Kenolube is used. On the other hand, the mechanical strength is achieved using a
polymer binder.

Typically, properties of SMC as stated in [90] are given as:

1. Somaloy 500+0.5% Kenolube 800 MPa at 500°C have saturation magnetic flux
density of 1.45 T at 5000 A/m and 500Hz.

Solid stacking factor.

Unsaturated relative permeability of 500.

Electric resistivity of 10,000 pQcm.

7 W/kg specific core lossesat 50 Hzand 1 T.

3D magnetic flux paths.

o ok~ w N
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A completed typical data for Somaloy prototyping base material is presented in Appendix C,
which included the standard mechanical properties up to 150°C, standard physical and
magnetic properties, available blanks size and magnetizing curve for data adjusted for use in
Finite Element modeling which is also represented by the B-H curve, the B is the density of
the flux and H is the magnetic field strength applied. In this case only the positive side of the

B-H curve is used.

The data sheet also provides the core loss of different value of B from 0.5 T to 1.5 T at
interval of 0.5 T from 50 Hz up to 2000 Hz based on the measurement according to CEI/IEC
60404-6:2003 on ring sample. Furthermore, it presented the loss model, which is verified up
to 1.5 T and 5000 Hz. This model included the hysteresis loss coefficient, in particle eddy
current coefficient, smallest cross section of the component in mm, frequency in Hz,

Magnetic field strength in Tesla, density and resistivity.

Recently for cost-effective and high-volume manufacturing, Somaloy is well cut by the use of
Powder Metallurgy (PM) method. This technique has the advantage of producing a complex
net-shape component from and almost waste-less metal powder that reduce the need for
future operation. Moreover, to practically attain a best density and efficient rate of production
these components made of Somaloy are formed into net-shape at large compaction pressures
using a special toolset before heat treatment to improve the performance especially the

magnetic property.

The final stage in the process is assembling the individual components for application in
magnetic circuit which results in easy manufacturing, assembly and cost-effective when
compared to other adjacent components in the same area application. Figure 2-14 presented

the three steps used in the compaction process as reported in [91].

The main merits of Somaloy and the SMC technology is in the design of complex machine
shape and for high volume production that is complete manufacturing process which come
face to face with future demands on efficiency, cost, performance and recyclability. This
technology has the potential to unlock a global possibility due to their unique properties

offering new solution for electromagnetic applications.
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Compaction Cycle
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Figure 2-14: The three steps involved in compacting the powder [91]

To obtain a better finished product without losing much of its properties, is to machine the
component from the prototype fabricated blank using a traditional machining technique
which includes turning, drilling and milling. However, non-conventional machining method
such as Electro Discharge Machining (EDM) should be steer clear of due to decaying in the
material. Moreover, to be successful with SMC in designing electrical machine components
the following five steps need to be taken:

1. The first step involves machining for the design for manufacturing and prototype
material.

2. Initial testing of the prototype produced.

3. Evaluating the design component and performance of the material by carry out
measurements.

4. Using the available data from the previous evaluation to simulate the final properties
of the compacted component.

5. Finally, confirmation and production of compacted component.
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These composite materials have several advantages over traditional steel laminated sheet
cores in most applications, which the unique features are 3D isotropic ferromagnetic
behavior, very low eddy current loss and high electrical resistivity due to insulation between
the individual iron particles, relatively low total core loss at medium and high frequencies,
possibilities for improved thermal characteristics, flexible machine design and assembly and
a prospect for greatly reduced weight, environmentally friendly manufacturing and

production costs as reported in [92].

A comparison of magnetization curves of a steel laminated material and an SMC is given in
Figure 2-15 [93]. It consist both the linear and saturation characteristic region and from the
graph it can be seen that, the permeability of the SMC is much lower compared to that of
steel lamination sheet. The porous microstructure of SMC and the resulting lower density of

ferromagnetic element iron are some of the reason for lower permeability of SMC.
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Figure 2-15: Magnetization curves of SMC and lamination steel [93].
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2.8 Magnetic Shielding

It is well known that the slots of an electrical machine create disruption in the airgap
magnetic field which at high speed generate more losses and reduce the overall performance.
The used of magnetic wedges in the stator slots seems to effectively address these unwanted
consequences. AFM are really important in almost applications and to make them cheaply
they have open-slots. One of the drawbacks of open-slots stator winding configuration is

elevation of losses in the machine especially at AC operation.

The techniques of using slot wedges have proved to be an efficient approach to reduce losses
in high speed radial flux machines and to improve the performances, but they cannot be done
cheaply using a single steel lamination sheet for all slots as in axial flux machines.

The quality of magnetic shielding is seriously affected by the properties of the material used
which include permeability, conductivity and frequency. Research shows that the shielding
effects of steel can be greatly changed by those properties together with the material
dimension if it is implemented in an AC field.

As stated in [94] magnetic shielding is when a material with huge relative permeability such
as silicon steel achieves shielding by diverting the stray magnetic flux reaching the machine
coils. However a high electrical conductivity material such as copper will performs shielding
by providing a medium for eddy currents, whose fields oppose the applied magnetic field as
reported in [94], this is called electromagnetic shielding, although the shielding is important
for the normal operation of electrical machines and to avoid the local heating. In this thesis
only the magnetic shielding is considered as it is impractical to implement the

electromagnetic shielding using copper.

In [95] the effects of stator slots wedges of different magnetic material on the behavior of an
induction machine was studied. The analysis was carried out using 2D FEA to investigate the
influence on the machine performance. It is found that the value of magnetic permeability of
the material used as a slot wedges play a vital role on the performance of the machine which
lead to increase in the starting torque and decrease in the starting current.

Similarly, a dynamic harmonics field analysis of a cage type induction motor when magnetic
slot wedges are applied was investigated in [96] and found that stator slot ripple components

of the flux density distribution in the airgap reduced successfully using slot wedge.
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The impact of rotor slot wedges on stator currents and stator vibration of an induction
machines using transient 2D FEA was carried out in [97]. The analysis was done on an open
and closed rotor slots. The former increases the harmonic content in the airgap field and the
stator currents, in addition there was increased in the stator vibration level for frequencies
higher than 1 kHz. Reduction in the level of the permeance variations due to slot opening can

be realised with the use of closed or semi-closed magnetic slot wedges.

The effects of slot closure and magnetic saturation on induction machine behaviour were
performed using FEA as reported in [98] and found that the flux density and force waves
generated by stator slotting have reduced significantly. In addition, it was discovered that the

full load power factor has improved and decrease full load speed in the machine.

To mitigate the level of the harmonic magnetic field pulsation and to enhance the airgap
magnetic field in high voltage open-slots machines, magnetic slot wedge should be place in

the slot opening.

Investigation and analysis of the influence of magnetic wedges on high voltage motors
performance was carried out in [99]. The analysis show that the use of magnetic slot wedge
reduces the starting current and iron loss in the motors, but it decreases the locked torque and
pull-out torque. The FEA and experimental results agree with the theoretical analysis, which
provides a valuable reference for magnetic slot wedges for high voltage motors. Furthermore,
3D FEA was used to determine electromagnetic fields and forces on rotor slot wedges due to
the presence negative sequence currents in large synchronous turbo generator as reported in
[100].

The evaluation of switched reluctance motor with magnetic slot wedges was presented in
[101] and the authors proposed a method to reduce the torque ripple and stator vibration
which are inherently in traditional switched reluctance motor. Although, this method

decreases the average torque, radial force and the torque ripple.

Magnetic wedges used in the open-slot design of electrical machine can be utilised in energy
efficiency improvement of induction motors as reported in [102] and it is found that increase
in energy savings and cost-effective operation together with efficiency are main interest of

utilising magnetic wedges.
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The impact of temperature on magnetic wedges in an induction motors were investigated as
stated in [103], it is clear from the analysis that the used of magnetic wedges lower the

temperature rise in totally enclosed motors which results an increase in the efficiency.

A soft ferrite magnetic wedges were implemented in squirrel cage induction machine to
reduce the harmonic torques as reported in [104] and found that the 17" and 19™ harmonics
decreased as a result of wedges used but the use of skewed rotor increases the stray loss and

leakage reactance as the 5™ harmonic remain high.

The influence of semi-magnetic stator wedges on the electromagnetic characteristics and the
behaviour of an induction motor were investigated in [105]. The study was done using FEM
analysis and found that the airgap space harmonic content decreased by 9% at nominal speed,
but with lower output power, power factor and stator current. In general, the overall

performance of the motor increased.

AC winding loss in an electrical machine can also be reducing by utilising Litz wire. This
type of conductor is too expensive and have bad thermal behaviour and high resistance
compared to solid conductor. In addition, it can be reduced by placing the conductors far
from the airgap at the expense of much reduced fill factor in the machine.

Another method of AC winding loss reduction is using a shaped pole pieces, but this method
can produce more eddy current reaction due to the delay in the portion of flux crossing the
airgap however this method is not cost-effective and it also has the disadvantages of slightly
smaller PM alignment torque and lower saliency ratio which reduced the reluctance torque in

the case of interior permanent magnet machine as stated in [106].

From the above discussion, it shown that to reduce the AC winding loss in an electrical
machine, a magnetic shielding using slot wedge has to be utilised. For cost-effective
reduction of AC winding loss in an AFM due to an open-slot stator winding configuration, a
magnetic slot wedge using single steel lamination sheet must be implemented. Moreover, this

technique is easier to utilise in such machine topology.

38


https://ieeexplore.ieee.org/abstract/document/6477113
https://ieeexplore.ieee.org/abstract/document/1062116
https://ieeexplore.ieee.org/abstract/document/6350072
https://ieeexplore.ieee.org/abstract/document/5607694

Chapter 2—Literature Review

2.9 Loss Mechanisms in Electrical Machines

2.9.1 Winding Loss

The total loss in any electrical machine is the summation of the resistive loss, core loss and
windage loss. To obtain the resistive loss of an electrical machine, the winding resistance
must be known. The resistance of a single coil in a slot either single layer or double layer as

shown in Figure 2-16 can be calculated using the equation (2.6) as mention in [107].
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Figure 2-16: Conductors arrangement in slot.

pL
Reoit = Neoir m (26)

where R_,;; is the resistance of a coil, N,,;; is the number of turns per coil, p is the resistivity
of the conductor usually copper, A.,, IS the cross-sectional area of a single conductor in the

coil and L is the length of a single conductor in the coil.

Winding resistance can also be calculated based on the effect of temperature of the
conductor, for example if a resistance of a coil R, at a particular temperature T; (usually at
room temperature 20°C), then the resistance of a coil R, at temperature T, can be obtained by

equation (2.7) below.
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R, _ 234.5+T,
Ry  234.5+Ty

[C] (2.7)

It is clear from equation (2.7) that the resistance of an electrical machine winding should be
calculated at working temperature. Moreover, the winding power loss of the machine
conductors which is usually the main source of heat with in any electrical machine is

temperature dependence and can be obtained using equation (2.8) as stated in [108].

p=po(1+a(l—Tp)) (2.8)

where, p, is the electrical resistivity of the conductor material at reference temperature

T, = 20°C, and « is the temperature coefficient of the electrical resistivity.

In an electrical machine under high speed operation there are additional copper losses. These

losses increase significantly mainly because of two effects namely skin and proximity effect.

Skin effect is the tendency of an alternating electric current to become distributed within a
conductor such that the current density is largest near the surface of the conductor, and
decreases with greater depths in the conductor, while the proximity effect is the influence in
one conductor on the current distribution in a nearby conductor with in slot in a machine
which result in an increase in the effective resistance of the conductor and it become more
under high frequency of operation, it can be reduced by using either Litz wire or transposed

wire. A detail on these effects will be presented in Chapter 5.
2.9.2 Core Loss

Core loss in high speed electrical machines is very difficult to be evaluated due to higher
excitation frequency, harmonics due to pulse width modulation and influence of machine

geometry on the flux density distribution as stated in [109].

The conventional way for estimating the core loss is using the Steinmetz Equation with fixed
coefficients and assuming the excitation is sinusoidal and equation (2.9) presented the

conventional Steinmetz Equation.
P, =Py + P+ Poy = kpfB* + ko f?B? + kex f°B' (2.9)

where k;, is the hysteresis loss coefficient, k. is the eddy current loss coefficient, k., is the

excess loss coefficient and « is the Steinmetz coefficient.
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These coefficients are usually obtained from the magnetic materials data sheet provided by
manufacturers of magnetic materials and are fixed values. The conventional core loss method

is imprecise for the majority of high speed electrical machine.

For more accurate core loss estimation an improved version of Steinmetz equation to include

harmonic contents was presented in [110].

2.9.3 Windage Loss

In any electrical machine windage loss in the rotor becomes significant under high speed
rotation, theoretical equation for windage loss calculation for a rotating cylinder with in a

concentric cylinder as reported in [111] is given as:
P, = nCypr*w3L (2.10)

where p is the density of the fluid in (kg/m®), r is the radius of rotor in (m), w is the angular

velocity in (rad/s), L is the rotor length in (m) and C; is the skin friction coefficient.

However, the skin friction coefficient C; can be obtained using equation (2.11) as mention in
[111].

J%_d = 2.04 + 1.768 In(R./Cy) (2.11)

where R, is the Reynolds number and is given by equation (2.12) as stated in [111].
R, = a)rﬁq) (2.12)

where u is the dynamic viscosity of the cooling fluid used in the machine in (kg/ms) and ¢ is

the length of the airgap in the machine in (m).

All these theoretical equation for windage loss evaluation exists, but with limited accuracy
however it can also be calculated using computational fluid dynamic (CFD) if the machine do

not have smooth rotor surface.
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2.10 Topologies of AFM

As stated earlier, AFM is a machine in which the direction of flux is axial, or the flux flows
axially in the direction parallel with the shaft of the machine. This section introduces the
AFM topologies together with the pros and cons, particular attention will be given to single-

sided, double rotor single stator, double stator single rotor and multi-stack topologies.

A general classification of AFM topologies as shown in Figure 2-17 [6] can be performed by
using a tree diagram with five stage levels. The first stage is structure in which AFM are
divided into four main structures: a single-sided machine which is single rotor single stator,
double-sided machines which are divided into double stator single rotor and double rotor
single stator, and multistage machines which are combination of one or more double-sided

machines.
AFM
Structure Single Stator Double Stator Single Stator Multi-stack
Sllngle Rotor Single Rotor Double Rotor
(Single sided) (Kaman type) (Torus type)

Core | Iron core I I Iron core I I Ironless core I I Iron core I
Slotting Slotted/Slotless I Slotted/Slotless I | Slotted/Slotless I
Winding | Drum winding I | Drum winding I I Drum winding I I Drum/Ring winding I

PMs | NS I | NN/NS I

Figure 2-17: AFM topologies [6].

The flexibility in construction makes axial flux machines suitable for different applications.
The second stage shows that the core can either be iron core or ironless core depends on the
application. The third stage is slotting of core, which can be slotted or slotless. The fourth

stage is winding of AFM which may be either drum winding (tooth wound) or ring winding
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(core wound); in some machine configurations it is possible to have a toroidal winding. In
this case, the coils are wound in the stator, which results in a toroidal shape. The last stage is
permanent magnet which the single stator double rotor AFM can either be North-North (NN)
or North-South (NS).

2.10.1 Single-Sided

A single-sided AFM consists of a single stator and a single rotor. The stator core may be
either slotted with drum tooth-wound winding or slotless with drum winding. Figure 2-18
[84] shows a simple single-sided AFM. The main advantages of this topology are simple
construction and low cost manufacturing, but the main issue with this configuration is the
large axial force exerted on the stator by the rotor. Research has shown that the axial force
can be eliminated by using either the single-stator double-rotor structure or the double-stator

single-rotor structure.

Windings

Rotor with magnets

Stator block

Figure 2-18: Single-Sided AFM a) rotor and b) stator [84].

2.10.2 Double Rotor Single Stator

A double rotor single stator AFM is shown in Figure 2-19 [16]. The machine is composed of
toroidally steel laminated iron stator cores positioned between two soft iron rotor discs,
rigidly fixed to the machine shaft. In order to produce an axially directed magnetic field in
the machine air gaps, permanent magnets are mounted on the surface of each disc, the stator

winding is either slotted or slotless configuration [112].
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This particular configuration of the machine proves to be the most appropriate structure for
lightweight, low volume, low cost and low-speed high-torque applications as compared to
double stator single rotor and multistage configuration. The reason for that is fixing of the
rotors which may be reasonably easily as stated in [59].

This type of arrangement offers a range of possibilities of stators configuration, the North-
North (NN) configuration and North-South (NS) configuration machine. In this case, magnets
with the same magnetization direction are placed in front of each other. This machine
configuration is particularly considered as advantageous in relation to double stator single

rotor and multistage configuration as mention in [17].

Stator with windings Rotor with magnets

(@) (b) © (d)

Figure 2-19: (a) Interior slotted stator, (b) Interior slotless stator, (c) Interior ferromagnetic core stator,

(d) Interior coreless stator [16].

2.10.3 Single Rotor Double Stator

In Figure 2-20 [4] single rotor double stators structure with ferromagnetic core in the rotor is
shown, the permanent magnets may be located on a surface of the rotor disc or inside the
rotor disc, with coreless in the rotor. Thereby, the main flux may flow axially through the
rotor disc or flow circumferentially along the rotor disc. The slotted stator cores of the
machine are realized by a tooth wound winding located in the stator slots [113].
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This machine configuration has the advantage of using fewer permanent magnets at the

expense of poor winding utilization [17].

Stator with windings Rotor with magnets Stator with windings

Figure 2-20: Single rotor double stator AFM [4].

2.10.4 Multi Rotor Multi Stator AFM

In this type of AFM, several machines, either single rotor double stators or single stator
double rotors, are lined up on the same shaft to form more-complex arrangements, known as
multi-stage AFMs [40].

This configuration offers a quite interesting possibility and modularity. Figure 2-21 [40]
shows a multistage axial flux machine with two stators and three rotors. The winding

connection between different stages could be either in series or parallel.

Furthermore, a connection/disconnection of stages could be done depending on the temporary
requirements of the application. This connection may allow fault tolerance as the machine

can keep working even if any of the stages is damaged or disconnected.
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stators

ng coils

rotors

Figure 2-21: Multistage AFM with two stators and three rotors [40].

2.10.5 Pros and Cons Features

In general, AFM have some common features which can be classified as pros and cons that
includes, high power density, high torque density and high efficiency, short rotor in axial

direction, compact machine construction and short frame.

These features gives rise to the ability of construction without rotor steel, and more robust
structure when compare to cylindrical type radial flux machine. With two airgaps in double-
sided, the machine is complicated and has high windage losses at high speed application.

Table 2-1 presented the advantages and disadvantage of different axial flux machine

topologies.
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Table 2-1: Advantages and disadvantages of different AFM topologies

AFM Topologies

Advantages

Disadvantages

Single sided

1. Simple construction.

2. Low cost.

1. Large axial force between
the stator and rotor.

2. Low output power.

3. Low torque.

Double rotor single stator

1. Lightweight, low volume
and low cost as compared to
double stator single rotor and

multistage configuration.
2. High torque.

3. Low axial force between

the stator and rotor.

1. High windage losses.

2. Low fill factor.

Double stator single rotor

1. Fewer permanent magnets.

2. High speed application.

3. Low axial force between

the stator and rotor.

1. High windage losses.

2. Low fill factor.

Multistage

1. Fault tolerance.

2. Ability of construction

without rotor steel.

1. High windage losses.

2. High cost.
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2.11 Conclusion

In this chapter a brief history into the literature and technology review of AFM and SMC was
presented. Comparisons between AFM and RFM in terms of torque production were
discussed. It was shown that early electrical machine such as the one built by Faraday used
axial flux concept, however it become dormant due to some problem associated with it.
Moreover, the introduction of SMC which harness the 3D nature of flux in AFM and
availability of strong permanent magnets have renewed research in AFM, especially in
application when high efficiency and high torque density are required.

A brief review on SMC in electrical machines together with the typical AFM area of
application was presented. Also, it gives a brief review on state of the art in AFM which
discussed the stator windings, design and FEA modelling, loss and thermal analysis,
manufacturing and materials, torque and speed. In addition, it reviewed soft magnetic
composite that discussed the SMC material’s production process and properties such as its

isotropic and thermal and its ability to produce 3D flux path that are required for AFM.

Finally, different methods are highlighted in the literature on reducing the AC winding loss
using magnetic shielding which is the main aim of this thesis. It also discussed the advantages
of using magnetic slot wedges over Litz wire, placing the conductors far from the airgap and
shaping the pole pieces to reduce the machine losses. AFM topologies such as single-sided,
double-sided and multistage AFM were discussed together with advantages and
disadvantages features of AFM.
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3. 3D FEA and Verification of
Baseline Machine

3.1 Introduction

The permanent magnet axial flux machines (AFM) are well known for their high torque
density and high efficiency together with more robust structure than the cylindrical type. In
this chapter a baseline machine is presented and analysed, in addition it outlines the
specification and the overall performance simulation using 3D FEA. The machine being
developed as a demonstrator is single-sided open-slot and designed to operate as a 3 phase

Brushless DC machine.

The stator of the prototype machine is constructed from Soft Magnetic Composite (SMC)
developed by Hogands AB of Sweden. Concentrated windings are used and a rotor of NdFeB
magnets mounted on a solid carbon steel core-back was utilised. This is an example of a
machine of this type, developed at Newcastle University as reported in [114]. In order to
verify the design process, the prototype machine is tested, and its performance compared with
these 3D FEA and details of some of these experimental measurements are also presented in

this chapter.

The major objectives of this chapter are:

=

To examine the benefit of using SMC in the design of a small compact AFM.

2. To use a single-sided open-slot AFM as a demonstrator for easy manufacturing
process.

3. To investigate the performance of the machine using 3D FEA, including; back EMF,
cogging torque, axial force, loss and on-load torque.

4. In order to validate this 3D FEA, the prototype machine is tested, and its performance

compared with these predictions at no-load and on-load condition.
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3.2 The Baseline machine

Axial flux machine design procedures are the same as a conventional radial flux machine;
which are constrained by some output parameters, such as torque and speed, slot dimension,
terminal voltage, phase current and number of turns. The first step in the process is to develop
a good estimate of the required dimensions of machine, in particular, the inner and outer
diameters of the stator and the rotor, axial length of the machine using the allowable 120 mm
outer diameter of the SMC prototype material. This section will cover the machine topology

and key dimensions.

3.2.1 Topology

The machine is single-sided open-slot as stated earlier to offer a simple manufacturing
process which eliminates the need for the balanced positioning of the rotors and stators in a
double-sided AFM configuration; rotor-stator-rotor configuration or stator-rotor-stator
configuration. The physical size of this machine shown clearly that at this scale the airgap
closing forces are small and not a problem for “off the shelf” steel metal shielded thin

bearings.

An exploded diagram of the electromagnetically active components is shown in Figure 3-1.
The stator block with twelve teeth, is constructed from Soft Magnetic Composite (SMC) and
the stator tooth are trapezoidal in shape. Concentrated windings are placed over the stator
teeth. It is envisaged that these would be wound off the machine on a former and slid onto the
open, parallel sided stator tooth. This process would ensure a high slot fill factor and copper

conductors were used in the simulation.

The rotor consists of NdFeB magnet segments glued to a Cold rolled 1010 solid carbon steel
core-back. The Cold rolled carbon steel was utilised due to it 49.8 W/m.°C thermal
conductivity and electric conductivity of 0 S/m at 20°C and for easy fixing the magnets
together with the shaft using screws as it is impractical to use screw on SMC material. An 8-

pole design is used with the magnets magnetised in the axial direction.

Based on the required specifications, the key dimensions and operating parameters which
were obtained for the baseline machine with a desired speed at 3000 rpm are presented in
Table 3-1.
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Stator Coils x 12 Magnets x 8 Solid rotor core-
(SMC) (Copper) (NdFeB) back (steel)

Figure 3-1: Baseline machine exploded diagram of the electromagnetic assembly.

Table 3-1: The key dimensions of the baseline machine

Outer diameter (including coil overhang) 76.2 mm
Inner diameter (including coil overhang) 43.2 mm
Axial length 36.4 mm
Magnetic gap 1 mm
Magnet thickness 1.4 mm
Magnet span 180°(electrical)
Rotor core-back thickness 5mm
Current density 3.3 A/mm*
Operating speed 3000 rpm
Slot width 6.2 mm
Slot depth 24 mm
Slot cross section for coil 74.4 mm*
Fill factor 60%
Total conductor cross sectional area 44.6 mm*
Turns 336
Conductor diameter 0.4mm (26AWG)
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3.3 3D Finite Element Analysis

The machine is modelled and analysed using Infolytica MagNet 3D FEA software as the
main design tool due to its availability. To predict the machine’s performance, a fully
parameterised AFM model was created in which all stator and rotor dimensions and electrical
input can be altered. An initial design is generated to see the maximum torque it can offer,
and this is then applied to an optimisation routine which alters the parameters automatically

and assesses the results according to a set of design parameters.

Although a machine’s symmetry can be used to reduce the 3D FEA model size and the
simulation time, in this case one quarter of the machine was implemented, since one pole
pairs is equal to three stator teeth. The magnetic flux path in the AFM and that of the SMC
material are largely in three-dimensions (3D). This section covers the 3D FEA, meshing

sensitivity analysis and motion together with simulation results.

3.3.1 Meshing and Flux Density

Based on the specification of the machine as stated in Table 3-1 and optimising for minimal
magnet mass, minimal axial length and high efficiency, the 3D FEA mesh in Figure 3-2 was
generated. One pole pair section of the machine is shown which takes advantage of the
periodical symmetry and reduces computing time. Even periodic and magnetic field normal

boundary conditions were used based on the slot and pole number combination.

The airgap has a finer mesh region of maximum element size 0.5 mm and curvature
refinement angle of 1 degree to accurately model the region where most energy is stored and
field directions changes more rapidly as stated in [115]. Furthermore, the airgap is sub-
divided into four sections namely; stator region, stator slip, rotor slip and rotor region, these
means that the stator region and rotor region extended to one-quarter of the airgap at both
ends. Virtual air was applied as material in the stator and rotor region, while air was utilise as

material for the rotor slip and stator slip.

Transient 3D with motion using Newton-Raphson is utilised in solving the model with fixed

interval time step method of 0.083 ms, which correspond to 60 steps solution.
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Stator tooth

Airgap stator region

Airgap stator slip

Airgap rotor slip

AN7AN

Airgap rotor region

a

Magnet

Figure 3-2: 3D FEA mesh of the baseline machine.

Some of the constraint imposed on the software include that the rotary component; rotor slip,
rotor airbox, magnets and rotor core-back in the machine were set as the reference paths in
motion properties and rotary is used as the motion type in z-direction, this is only applicable
and relevant to Infolytica MagNet software. Speed based position was used with initial time

of 0 ms and final time of 5 ms at 18000 deg/s speed corresponding to 3000 rpm and 200 Hz
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(Electrical). The motion centre was set to zeros in all direction with position and speed at

start up.

Figure 3-3 shows the flux density shaded plot and the shaded plot displays the outline of the
model and a field. The field values are represented by colors. A color legend is displayed that
associates the field values to the colors.

Rotor core-back

Shaded Plot

Magnet

Stator tooth

Stator core-back

Figure 3-3: 3D FEA flux density shaded plot of the baseline machine.

It is clear from the above figure that the SMC material is not saturated at current density of
3.3 A/mm?, but tends to only at the edges of teeth and magnets. The material has a flux
density of 0.7 T.

3.3.2 Baseline Machine Performance

This sub-section covers the back EMF and harmonic analysis, axial force, loss, cogging
torque and on-load torque analysis of the machine. The back EMF is the voltage induced in
the stator winding of the machine by the rotor magnets at given rotational speed, it is also
proportional to the speed of the machine and phase flux linkage.

To get the back EMF of the coil from the flux linkage, the following expression in equation
(3.1) can be used.
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_do
E=2 (3.1)

where ‘;—f is the rate of change of flux linkage.

The induced rms voltage can be obtained using the induced voltage equation which is given
in [17].

E = 4.44N,, @, f (3.2)

where E:rms induced voltage f: frequency of the supply, @, peak flux in the stator teeth

and N, number of turns per phase.

The back EMF, in this case is obtained at no-load and rated speed. From the FEA software, it
can be found either from the coil flux linkage or directly from coil voltage. Figure 3-4

presented the back EMF of the baseline machine.

40

e Phase A

Phase B

Voltage (V)

e Phase C

-40
Electrical angle (deg)

Figure 3-4: 3D FEA Back EMF of the baseline machine

The harmonic analysis was carried out using the Fast Fourier Transform (FFT) as shown in
Figure 3-5, to get the maximum amplitude of each harmonics and the accuracy depends on

the number of data points used.
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Figure 3-5: Back EMF harmonics of the baseline machine

In this analysis, 60 data point samples were used and from the harmonic analysis spectrum in
Figure 3-5, the only significant harmonic beyond the fundamental are the 3", 5™ and 7" at
2.6%, 9.3% and 3.3% respectively due to the combination of 12 slots and 8 poles in the
machine. All other harmonics are less than 1% of the fundamental, these harmonics are

undesirable and subsequent work in Chapter 4 will describe a way to reduce them.

Single tooth winding usually utilises a fractional slot winding pattern and a combination of 12
slots as well as 8 poles has a winding factor of 0.866. Winding factor is what makes the rms
generated voltages in a three-phase machine become lesser due to the armature winding of
each phase in a slot. The induced voltage in each slot is not in phase, and their phasor sum is
less than their numerical sum. This reduction is called distribution factor. Another factor that
reduced the winding factor is pitch factor and occurs when the slot pitch is less than the pole

pitch.

Numerically, winding factor can be obtained from the product of distribution factor and pitch
factor. The combination was chosen because of the good experience in designing compact

machine.

56



Chapter 3—-3D FEA and Verification of Base Machine

A large force of attraction between the stator and rotor is one of the problems associated with
AFMs and if care is not taken during design, this force of attraction can cause serious damage
to the machine which can lead to failure modes. To calculate the axial force of AFM, the 3D
FEA software must evaluate the field in the layer of airgap with air elements adjacent to the
component and evaluate the field immediately adjacent to sharp corners where there is a

potential for error.

This method ensures that the software will calculate the forces and torques with accurate field
values. The axial force obtained from 3D FEA, shows an attractive force between the rotor
and stator of 184.3 N, which is well within the capability of standard “off the shelf”” bearings.
A deep groove steel metal shielded thin bearings W 61900-2Z with basic static load rating of
1.3 kN, limiting speed of 36000 rpm and mass of 9.4 g was utilised in the final assembly in
which the force of attraction is within the limit.

To determine the overall performance of a machine, the losses within the machine need to be
calculated. In this case the losses were found from the 3D FEA software at full-load current.
The FEA uses the Steimmetz equation at 20°C and Figure 3-6 illustrates the approximately
percentages of losses in the individual parts of the baseline machine obtained from the 3D
FEA using pie chart.

M Iron losses
B Winding losses

B Magnets losses

Figure 3-6: 3D FEA losses of the baseline machine
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The total iron loss comprises of hysteresis loss and eddy loss, and the iron loss in the baseline
machine is found to be 41.8 W which represents 16.4% of the total loss in the machine. The
winding loss is 194.1 W representing 75.9% by assuming the copper resistivity to be 6x10™
Q.m. Losses in the magnets found using the 3D FEA amounted to 19.7 W representing 7.7%.

The total loss of the machine is the sum of all the losses and was found to be 255.5 W.

The cogging torque also known as no-current torque is produce due to the interaction
between the permanent magnets of the rotor and the stator slots. It depends on the position,
number of magnetic poles and the number of teeth on the stator. Machines that operate at

lower speed have a high cogging as compared to those at high speed as reported by [74].

From the 3D FEA, the baseline machine exhibits a peak-to-peak cogging torque of 0.36 Nm
and this may be considered too high as compared to on-load torque. Cogging torque causes
mechanical noise and vibration and it is desirable to minimise. Figure 3-7 illustrates the 3D

FEA simulated cogging torque variation with electrical angle.
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Figure 3-7: Baseline machine 3D FEA simulated cogging torque.
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The on-load torque of the machine is obtained by applying a DC current to the model with
the rotor advanced through two-poles. The current is passed through two coils of the machine
to replicate a switching period for a brushless DC machine, with the positive terminal of the
DC supply connected to phase A and negative terminal connected to phase B. Phase C is left
unconnected.

The peak torque variation with the applied current is as shown in Figure 3-8 and the
maximum achievable peak static torque was attained before entering the saturation zone of
the SMC used as core material when the machine is loaded. The machine is tested at rated
current of 1.2 A.
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Figure 3-8: Baseline machine 3D FEA simulated on-load torque.

3.4 Mass of Baseline Machine

The active mass of the machine is shown in Figure 3-9, as SMC material is used in the stator
block, copper in the coils, Cold rolled 1010 solid steel in the rotor core-back and Neodymium

Iron Boron for the magnets. It shows that the machine active mass is 480 g. The stator mass is
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284 g, rotor mass is 73.4 g, magnets is 20.0 g and coils are 102.6 g representing 59.0%,
15.0%, 4.0% and 22.0% respectively.

From the pie chart, it can be seen that the stator block has the highest mass in the machine,
follow by stator winding coils and rotor however magnets in the baseline machine have the

lowest mass when compared to stator block, coils and rotor.

M Stator
M Rotor
B Magnets

M Coils

Figure 3-9: Mass of baseline machine component.

3.5 Performance Summary

Table 3-2 summarises the overall 3D FEA performance of the baseline machine with peak
torque of 0.59 Nm, axial force of 184.3 N and peak back EMF of 33.7 V. The only significant
harmonic apart from the fundamental are the 3™, 5" and 7" representing 2.6%, 9.3% and
3.3% respectively of the fundamental. This is due to the combination of 12 number of slot

and 8 number poles in the baseline machine.

The machine exhibits a peak-to-peak cogging torque of 61% of the on-load torque. The
output power of the baseline machine is 486 W and the on-load loss is 255.5 W. The on-load
loss represented 52.6% of the machine output power. Based on the 3D FEA the machine has
efficiency of 65.5 %.
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Table 3-2: 3D FEA Performance Summary

Output parameter Value
Peak back EMF (V) 33.7
3" harmonic back EMF (PU) 0.026
5™ harmonic back EMF (PU) 0.093
7" harmonic back EMF (PU) 0.033
Peak Torque (Nm) 0.59
Peak-to-peak cogging torque (Nm) 0.36
Axial force (N) 184.3
Output Power (W) 486.0
Full-load loss (W) 255.5
Efficiency (%) 65.5
Total mass (kg) 0.48

3.6 Experimental Verification

After the 3D FEA analyses have been completed on the baseline machine, an experimental
verification has been conducted on a prototype baseline machine so that comparisons can be
made. A static test rig was used to carry out the measurements and the test results can be split

into two categories:

1. Cogging torque tests

2. On-load torque tests.

In these tests two phases have been connected in series and the third phase left open circuit.
The no-load test was conducted at open circuit without DC current supply, while the on-load
test was carried out when a DC current is then applied replicating a switching period for a
brushless DC machine. Figure 3-10 presented the three timing graphs and Figure 3-11 shows

the switching period for a brushless DC machine.
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Figure 3-10: The three timing graph of BLDC.
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Figure 3-11: BLDC switching sequence.

The twelve teeth stator and core-back were manufactured as a single block, by using two
SMC prototype materials. CNC milling machine is used in the workshop to produce the stator
block core. The design requires 336 turns per coil, to achieve the required number of turns the
coils are pre-wound on a former and then placed over the stator teeth, as shown in Figure 3-
12. A winding machine was used, and the winding were wound on a thermal insulation paper

to achieve the desired turns and high fill factor in the slot. To obtain the three phase of the
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machine, four coils are connected in series and the other ends of the coils are connected as

star point.

Winding

Insulation paper

SMC stator

Figure 3-12: Baseline prototype stator block with concentrated windings.
3.6.1 Static Test Rig

Figure 3-13 shows the experimental test rig for a three phase AFM and Figure 3-14 presented
the instrument setup to conduct the tests. The test rig bench is equipped with a mechanical
dividing head, the torque transducer, coupling and the baseline machine under test. The
instruments consist of a DC power supply, torque transducer display and connecting cables
from the DC power supply to the terminals of the baseline machine on tests.

The machine is connected to a dividing head via a torque transducer as shown in Figure 3-13.
The dividing head can position the shaft with a high angular precision. Torque measurements
are taken at 1° intervals. For an 8-pole machine this equates to 4° electrical between each
torque measurement. The measurements are taken over a full rotation to ensure the correct

BLDC switching window is captured.

General risk assessment was carried out to identify hazards and anything that may cause harm
during the experimental measurements. This includes a provision of an emergency stop

switch to break or isolate the supply to the baseline machine in case of any fault during the
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testing. In addition, safety lab coat was wear as protection and signs were display to show

that an experimental test is ongoing.

Mechanical
base test rig

B Torque and
speed transducer

Figure 3-13: Static Test Rig

The static test rig consists of the following components;

1. Mechanical dividing head (INDEXA TSL200 horizontal/vertical rotary table)

2. Torque transducer (MAGTROL TM HS 306/111, Rated torque 5 Nm, Accuracy <0.1
%, Maximum speed 50000 rpm, Torsional stiffness 725 Nm/rad and Moment of
inertia 3.08x10™)

3. Coupling (R+W)

4. Machine under test.

5. The mechanical base test rig hosing the entire components.

The torque measurements are with highly sensitive torque transducer TM HS 306/111 with
rated torque of 5 Nm and maximum speed of 50000 rpm and the torque readings were
captured using a high quality MAGTROL MODEL 3411 torque display. The torque display
is designed for use with all Magtrol TM, TMHS, TMB and TF torque transducer; moreover it
has addition of high-resolution quadrature encoder enables low RPM applications of position

measurements with accuracy of 0.02% pf range £ 10V.
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Torqgue display

Figure 3-14: Baseline machine equipment set up for the experimental test.

The Instrument rack for the baseline machine tests consist of the following equipment;

1. DC power supply (EX355R compact bench power supply, Mixed-mode regulation,
Power rating of 175 W, Switched remote sense terminals, Voltage 0 to 35V, Current 0
to 5A, 4-digit meters on each output)

2. Torque display (MAGTROL MODEL 3411, High Quality, Easy-to-Read Vacuum
Fluorescent, Maximum speed 199999 rpm, Input frequency 199999 Hz, Speed
accuracy 0.01%, Torque accuracy 0.02% Operating temperature 5°C to 50°C, Relative
humidity <80%).

3. Connecting cables.

3.6.2 Cogging Torque Tests

The cogging torque test looks at the performance of the baseline machine in terms of its
torque characteristic. Measurements were taken of the cogging torque produced over one
electrical cycle, in which the rotor was rotated using the mechanical dividing head at angle
interval of 1° mechanical (equals to 4° electrical angle) for a 8 pole machine between each
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torque measurement at no-load (/;. = 0) by a torque transducer and display in the torque
display metre. The measurements are taken over a 360° rotation to ensure the correct BLDC
switching window is captured. Readings were taken in both clockwise and anticlockwise
directions to eliminate the effect of hysteresis torque and backlash due to dividing head, and
the average of the two measurements calculated.

The dominant cogging torque is produced by the magnets on the rotor wanting to take up an
angular position corresponding to minimum reluctance. As the torque is a result of the field
from the permanent magnet, it is independent of applied current and hence it is always
present in the output torque level. It is for this reason that it must be minimised. Figure 3-15
illustrates the 3D FEA and measured cogging torque over one electrical cycle to caption

different switching period.
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o
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Average Measured Torque
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Figure 3-15: 3D FEA and Measured static cogging torque.

The prototype machine has 1.5 stator teeth per pole. Therefore, looking at one pole pair, a
magnet is in the aligned position every 60° electrical. This alignment produces a cogging
torque, the period and magnitude of each are similar and the machine exhibits measured
cogging torque of 39%.
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It is clear from the graph of Figure 3-15 that the difference between the lines of the 3D FEA

and the measured is due to the dividing head equipment backlash and the effect of hysteresis

torque which cannot be eliminated 100%. Since the dividing head was operated manually

there is also a mechanical error due to parallax and alignment. Table 3-3 presented the raw

data of the 3D FEA, measured clockwise, measured anticlockwise and the average measured

cogging torque of the baseline machine together with the mechanical and electrical angle of

each raw data.

Table 3-3: Raw data of baseline machine

Mechanical | Electrical Measured Measured Average 3D FEA
angle angle clockwise anticlockwise measured
0 0 -0.272 0.021 -0.126 -0.144
0.5 2 -0.384 0.058 -0.163 -0.187
1 4 -0.395 0.103 -0.146 -0.168
1.5 6 -0.37 0.136 -0.117 -0.135
2 8 -0.331 0.176 -0.078 -0.089
2.5 10 -0.273 0.202 -0.036 -0.041
3 12 -0.208 0.217 0.005 0.005
3.5 14 -0.141 0.226 0.043 0.049
4 16 -0.091 0.223 0.066 0.076
4.5 18 -0.074 0.216 0.071 0.082
5 20 -0.063 0.204 0.071 0.081
5.5 22 -0.064 0.188 0.062 0.071
6 24 -0.067 0.164 0.049 0.056
6.5 26 -0.082 0.147 0.033 0.037
7 28 -0.099 0.121 0.011 0.013
7.5 30 -0.113 0.101 -0.006 -0.007
8 32 -0.135 0.073 -0.031 -0.036
8.5 34 -0.157 0.054 -0.052 -0.059
9 36 -0.179 0.041 -0.069 -0.079
9.5 38 -0.204 0.016 -0.094 -0.108
10 40 -0.223 -0.002 -0.113 -0.129
10.5 42 -0.252 -0.018 -0.135 -0.155
11 44 -0.275 -0.035 -0.155 -0.178
11.5 46 -0.299 -0.04 -0.170 -0.195
12 48 -0.321 -0.042 -0.182 -0.209
12.5 50 -0.333 -0.049 -0.191 -0.220
13 52 -0.342 -0.045 -0.194 -0.223
13.5 54 -0.348 -0.022 -0.185 -0.213
14 56 -0.336 0.009 -0.164 -0.188
14.5 58 -0.329 0.047 -0.141 -0.162
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15 60 -0.307 0.091 -0.108 -0.124
15.5 62 -0.287 0.133 -0.077 -0.089
16 64 -0.252 0.181 -0.036 -0.041
16.5 66 -0.209 0.217 0.004 0.005
17 68 -0.179 0.251 0.036 0.041
17.5 70 -0.135 0.271 0.068 0.078
18 72 -0.096 0.286 0.095 0.109
18.5 74 -0.064 0.297 0.117 0.134
19 76 -0.039 0.3 0.131 0.150
19.5 78 -0.021 0.293 0.136 0.156
20 80 -0.015 0.291 0.138 0.159
20.5 82 -0.008 0.276 0.134 0.154
21 84 -0.009 0.254 0.123 0.141
215 86 -0.022 0.233 0.106 0.121
22 88 -0.032 0.214 0.091 0.105
22.5 90 -0.046 0.192 0.073 0.084
23 92 -0.071 0.161 0.045 0.052
23.5 94 -0.089 0.141 0.026 0.030
24 96 -0.111 0.115 0.002 0.002
24.5 98 -0.129 0.087 -0.021 -0.024
25 100 -0.154 0.064 -0.045 -0.052
25.5 102 -0.183 0.045 -0.069 -0.079
26 104 -0.204 0.029 -0.088 -0.101
26.5 106 -0.233 0.014 -0.110 -0.126
27 108 -0.254 0.019 -0.118 -0.135
27.5 110 -0.274 0.038 -0.118 -0.136
28 112 -0.29 0.082 -0.104 -0.120
28.5 114 -0.298 0.135 -0.082 -0.094
29 116 -0.301 0.171 -0.065 -0.075
29.5 118 -0.291 0.2 -0.046 -0.052
30 120 -0.266 0.236 -0.015 -0.017
30.5 122 -0.224 0.271 0.024 0.027
31 124 -0.2 0.307 0.054 0.062
315 126 -0.204 0.332 0.064 0.074
32 128 -0.186 0.355 0.085 0.097
32,5 130 -0.161 0.38 0.110 0.126
33 132 -0.145 0.387 0.121 0.139
33.5 134 -0.112 0.394 0.141 0.162
34 136 -0.104 0.38 0.138 0.159
34.5 138 -0.08 0.373 0.147 0.168
35 140 -0.076 0.361 0.143 0.164
35.5 142 -0.077 0.34 0.132 0.151
36 144 -0.098 0.318 0.110 0.127
36.5 146 -0.113 0.305 0.096 0.110
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37 148 -0.13 0.274 0.072 0.083
37.5 150 -0.161 0.238 0.039 0.044
38 152 -0.191 0.214 0.012 0.013
38.5 154 -0.221 0.187 -0.017 -0.020
39 156 -0.252 0.159 -0.047 -0.053
39.5 158 -0.277 0.131 -0.073 -0.084
40 160 -0.317 0.105 -0.106 -0.122
40.5 162 -0.355 0.048 -0.154 -0.177
41 164 -0.379 0.02 -0.180 -0.206
41.5 166 -0.395 -0.025 -0.210 -0.242
42 168 -0.431 -0.034 -0.233 -0.267
42.5 170 -0.45 -0.038 -0.244 -0.281
43 172 -0.466 -0.048 -0.257 -0.296
43.5 174 -0.487 -0.059 -0.273 -0.314
44 176 -0.492 -0.006 -0.249 -0.286
44.5 178 -0.491 0.032 -0.230 -0.264
45 180 -0.482 0.056 -0.213 -0.245
45.5 182 -0.448 0.097 -0.176 -0.202
46 184 -0.423 0.143 -0.140 -0.161
46.5 186 -0.39 0.192 -0.099 -0.114
47 188 -0.326 0.221 -0.053 -0.060
47.5 190 -0.269 0.257 -0.006 -0.007
48 192 -0.204 0.282 0.039 0.045
48.5 194 -0.159 0.29 0.066 0.075
49 196 -0.092 0.293 0.101 0.116
49.5 198 -0.053 0.281 0.114 0.131
50 200 -0.026 0.269 0.122 0.140
50.5 202 -0.022 0.252 0.115 0.132
51 204 -0.026 0.238 0.106 0.122
51.5 206 -0.032 0.22 0.094 0.108
52 208 -0.055 0.194 0.070 0.080
52.5 210 -0.07 0.171 0.051 0.058
53 212 -0.092 0.136 0.022 0.025
53.5 214 -0.117 0.114 -0.002 -0.002
54 216 -0.141 0.087 -0.027 -0.031
54.5 218 -0.159 0.064 -0.048 -0.055
55 220 -0.183 0.04 -0.072 -0.082
55.5 222 -0.208 0.022 -0.093 -0.107
56 224 -0.226 0.003 -0.112 -0.128
56.5 226 -0.257 -0.012 -0.135 -0.155
57 228 -0.282 -0.02 -0.151 -0.174
57.5 230 -0.306 -0.018 -0.162 -0.186
58 232 -0.313 -0.011 -0.162 -0.186
58.5 234 -0.312 0.011 -0.151 -0.173
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59 236 -0.306 0.028 -0.139 -0.160
59.5 238 -0.295 0.059 -0.118 -0.136
60 240 -0.288 0.089 -0.100 -0.114
60.5 242 -0.27 0.12 -0.075 -0.086
61 244 -0.251 0.149 -0.051 -0.059
61.5 246 -0.215 0.179 -0.018 -0.021
62 248 -0.186 0.206 0.010 0.012
62.5 250 -0.148 0.228 0.040 0.046
63 252 -0.118 0.25 0.066 0.076
63.5 254 -0.084 0.253 0.085 0.097
64 256 -0.072 0.251 0.090 0.103
64.5 258 -0.068 0.246 0.089 0.102
65 260 -0.059 0.232 0.087 0.099
65.5 262 -0.052 0.221 0.085 0.097
66 264 -0.066 0.204 0.069 0.079
66.5 266 -0.074 0.182 0.054 0.062
67 268 -0.088 0.171 0.042 0.048
67.5 270 -0.098 0.145 0.024 0.027
68 272 -0.115 0.123 0.004 0.005
68.5 274 -0.137 0.098 -0.020 -0.022
69 276 -0.16 0.075 -0.043 -0.049
69.5 278 -0.178 0.053 -0.063 -0.072
70 280 -0.203 0.035 -0.084 -0.097
70.5 282 -0.219 0.009 -0.105 -0.121
71 284 -0.244 -0.04 -0.142 -0.163
71.5 286 -0.26 -0.01 -0.135 -0.155
72 288 -0.275 -0.014 -0.145 -0.166
72.5 290 -0.295 -0.012 -0.154 -0.177
73 292 -0.309 0.013 -0.148 -0.170
73.5 294 -0.315 0.074 -0.121 -0.139
74 296 -0.31 0.14 -0.085 -0.098
74.5 298 -0.3 0.2 -0.050 -0.058
75 300 -0.283 0.244 -0.020 -0.022
75.5 302 -0.248 0.297 0.025 0.028
76 304 -0.207 0.338 0.066 0.075
76.5 306 -0.154 0.372 0.109 0.125
77 308 -0.114 0.417 0.152 0.174
77.5 310 -0.085 0.42 0.168 0.193
78 312 -0.048 0.43 0.191 0.220
78.5 314 -0.032 0.423 0.196 0.225
79 316 -0.016 0.42 0.202 0.232
79.5 318 -0.021 0.404 0.192 0.220
80 320 -0.028 0.396 0.184 0.212
80.5 322 -0.023 0.373 0.175 0.201
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81 324 -0.048 0.353 0.153 0.175
81.5 326 -0.101 0.321 0.110 0.127
82 328 -0.111 0.282 0.086 0.098
82.5 330 -0.137 0.263 0.063 0.072
83 332 -0.16 0.229 0.035 0.040
83.5 334 -0.201 0.199 -0.001 -0.001
84 336 -0.23 0.181 -0.025 -0.028
84.5 338 -0.243 0.153 -0.045 -0.052
85 340 -0.265 0.116 -0.075 -0.086
85.5 342 -0.3 0.09 -0.105 -0.121
86 344 -0.328 0.06 -0.134 -0.154
86.5 346 -0.35 0.048 -0.151 -0.174
87 348 -0.382 0.019 -0.182 -0.209
87.5 350 -0.416 -0.002 -0.209 -0.240
88 352 -0.434 -0.18 -0.307 -0.353
88.5 354 -0.457 -0.001 -0.229 -0.263
89 356 -0.469 0.05 -0.210 -0.241
89.5 358 -0.456 0.018 -0.219 -0.252
90 360 -0.452 -0.088 -0.270 -0.311

3.6.3 On-Load Torque Tests

The on-load static torque test looks at the performance when a DC current is applied to the
baseline machine. This characteristic is used to show the relationship between the current
applied to the machine and the torque it produces. The same procedures are used as in no-
load tests, but in this case with applied current. However, during testing no noticeable
temperature rise was felt on the outer case. Figure 3-16 compares 3D FEA and measured on-

load static torque with applied current over a complete electrical cycle switching period.

The results show that torque increases as the applied current increase and the period of the
measured torque is similar to that of the 3D FEA , but the magnitude of the measured peak
torque is 0.55 Nm; an 8.5% reduction as compared to 3D FEA. This reduction is due to
mechanical error in the assembly of the prototype baseline machine. The net static torque can
be obtained by subtracting the measured no-load static torque from the measured on-load
static torque tests at the same mechanical and electrical position.
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Figure 3-16: 3D FEA and Measured on-load static torque.

3.7 Performance Summary

Table 3-4 summarises the performance of baseline machine based on SMC material and 3000
rpm by comparing the predicted 3D FEA and measured machine static performance. It is
noted that the measured peak torque is 0.55 Nm; an 8.50% less than the predicted peak torque
and the average no-load ripple of 39% for the measured as compared to the 41% of the 3D
FEA. The machine has peak measured net torque of 0.48 Nm, a decrease of 2.05% as
compared to the predicted net average torque.

Table 3-4: Performance Summary

Output parameters 3D FEA Measured % Change
Peak Torque (Nm) 0.59 0.55 8.50
No-load torque ripple (%) 41 39 4.90
Net peak Torque (Nm) 0.49 0.48 2.05
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3.8 Conclusion

In this chapter verification of a baseline machine developed at Newcastle University using
3D FEA and experimental tests were presented. The main problems highlighted were low
efficiency due to high losses in the machine as a result of open-slot stator winding
configuration, low on-load torque and back EMF harmonics and therefore high torque ripple
due to interaction between the MMF and airgap flux harmonics.

The machine produces 8.5% less peak torque than the 3D FEA peak torque. This proximity at
an early prototype stage is encouraging. Damage and error during the assembly and
construction of the prototype stator may account for the reduction in torque and the accuracy
of the torque transducer. However, there is a significant 3", 5™ and 7" harmonics at 2.6%,
9.3% and 3.3% respectively of the fundamental harmonic in the back EMF, which is too high
and need to be reduce. From the 3D FEA analysis the machine exhibits efficiency of 65.5%
this is as a result of open-slot stator construction which encourage an elevated AC winding
loss at AC operation.

The average flux density attained in the machine SMC core is approximately 0.7 T as shown
in Figure 3.3 and it is clear that the material was working hard on a maximum average flux
density of 0.7 T.

Higher performance could not be achieve as a results of trapezium shape in the stator tooth,
the pre-wound coils require a sharp turn to fit over the teeth and a rounder tooth corner as
shown in Figure 3-17 will help with the coil construction, and may allow for an additional
layer of turns, thereby allowing for more MMF and torque per amp. Moreover, changing the
slot and poles number combination of the baseline machine will also help in reducing the
amplitude of the significant harmonics beyond the fundamental.

The double-sided AFM would produce higher specific torque, but in this analysis only single-
sided surface-mounted AFM is considered for simple manufacturing process and as a

demonstrator to avoid the balancing position problem in the double-sided configuration.

Chapter 4 presents the design improvement of the baseline machine to achieve higher
performance by altering the main dimension of the machine described in this chapter based

on the available dimension of the SMC prototype material.

73



Chapter 3—-3D FEA and Verification of Base Machine

Rounder tooth corner

Trapezoidal tooth

Figure 3-17: Current and proposed rounded tooth stator.
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4. Design and Investigations

This chapter will present the design improvement and investigation of sensitivity of torque on
parameters variation, which includes airgap length, magnet thickness, magnet span, slot
width, inner/outer radius and core-back thickness of the stator and rotor. The cogging torque
produced by baseline machine describes in Chapter 3 is very high and account for 39% of the
machine total torque at rated current due to high torque ripple. Other problems encountered in
the machine are the harmonics in the induced back EMF, high losses due to open-slot stator

winding configurat