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Abstract

Abstract

The work presented in this thesis concerns the development of linear electric machines
for use with wave energy converters. The machine topology selected, the Linear Vernier
Hybrid Machine, is extensively investigated, specifically looking at alternative magnet
configurations. Topologies are evaluated by their generation capabilities at low velocities, as
demanded by Direct Drive Wave Energy Converters. Attention is mainly focused on
improving the electromagnetic performance and reducing the magnet mass. A new topology
of the Linear Vernier Hybrid Machine is proposed for these purposes, known later as Inset
Magnet Consequent Pole machine. Tapered ferromagnetic poles are employed in this
topology, which have shown a great impact on minimising the inherent pole-to-pole leakage
flux as well as the unwanted cogging force.

Further investigation into the Inset Magnet Consequent Pole machine focuses on
improving the power factor through modifications made to the machine structure with no
increase in the mass magnet, steel or copper used. Two novel variants with the added benefit
of flux concentration effect are proposed and described. Finite Element Analysis is used to
optimize, analyse and compare the electromagnetic performances for the three investigated
machines.

Considering the complexity of manufacturing and number of components, two selected
topologies are built and tested in the laboratory, the Inset Magnet Consequent Pole machine
and V-shape Consequent Pole machine. The experimental results are compared to the
simulation results to validate the design. In general, a good agreement is shown between the
predicted and measured results. Afterwards, the experimental results obtained from the two
prototypes are compared with each other. These results verify that the proposed V-shape
Consequent Pole topology is superior in terms of no-load back EMF, force and power factor,
while it exhibits lower cogging force in comparison with the Inset Magnet Consequent Pole
topology. It is therefore concluded that the V-shape Consequent Pole machine is the best
compromise between power factor, efficiency and ease of manufacture. It has half the
number of components per pole of the best machine design presented, yet delivers 91% of
the force density and 93% of the power factor.

The last part of this thesis investigates the feasibility of using the proposed V-shape
Consequent Pole machine as an alternative design for an existing wave energy device

developed by Uppsala University to assess the effect of employing this sort of machine on
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the overall machine size and costs. Five variants of the V-shape Consequent Pole machine

are described and compared.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Problem Statement and Motivation

A large fraction of the world’s population relies upon fossil fuel for their energy, due
to this the planet is facing a global challenge for the future. The enormous growth of human
population, and with it the parallel rise in energy consumption, will surely lead to the
inevitable extinguishing of already depleted supplies of fossil fuel. Furthermore, going ever
deeper into the Earth’s crust is problematic.

Mankind must reduce dependency upon fossil fuel, focusing upon global issues that
pertain to both CO2 levels, and resulting climate change - electricity needs to be generated
from natural, renewable, resources — such as wind, wave and solar power. Limitations to
wind and solar power are that they are small supplementary additions to the grid, they have
irregular supply and lower power density[1]. Wave energy, however, has a large power
density and a huge supply - this in turn allows huge possibilities that could input globally,
and thus further power demand [1].

In the 1970’s, research started to look at extracting energy from ocean waves.
Hydraulic and air turbines have been proposed to interface wave energy devices with a
conventional high speed rotary electrical generator. However, using these interfaces means
the system becomes more complex, and this presents issues of reliability and maintenance,
and these are particularly important in an offshore context. Moreover, the air turbines and
hydraulics create energy loss - this in turn means issues of efficiency.

Direct Drive Wave Energy Converters (DD-WECSs) offer a solution to these problems
by connecting the translator of a linear generator directly to a floating device - for example
a buoy - which moves with the motion of the waves, while the stator is fixed on the seabed.
The result is an elimination of interconnected moving parts as used in non-direct drive
WECs, creating a robust system with improved efficiency. The linear generator adopted in
this system must generate high thrust force at low speed, which can be achieved by
employing a variable reluctance machine such as the Linear Vernier Hybrid Machine
(LVHM) proposed in [2]. However, the downside is this machine needs high quantities of
magnet material and suffers from low power factor and high cogging force.

To sum up this thesis is concerned with the development of the LVHM capable of

supplying the required power at low velocities demanded by wave energy converters.
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Research into such machines simplifies the use of direct drive power take-off, whereby the

electrical machine is coupled directly to the moving part of the device.

1.2 Aim and objectives

The main aim of this research is to investigate an alternative linear electrical machine
topologies for improved performance in direct drive wave energy converters.
The specific objectives of this research are as follows:
> To design, optimise and analyse the LVHM with consequent pole for the purpose of
magnet mass reduction.
> To investigate the effect of implementing tapered ferromagnetic poles on the machine
electromagnetic performance.
> To examine the influence of varying the translator tooth tip on flux behaviour.
> To reduce the thickness of the translator coreback.
> To improve the power factor by replacing the rectangular Permanent Magnet (PM)
with a V-shape PM arrangement.
> To improve the power factor further by burring the V-shaped PM with adjacent
alternating polarity to provide flux concentration effect in both polarities.
> To explore the structural and mechanical aspects of an unconventional permanent
magnet machine topology.
> To perform a comparative study on different machine topologies when all machines
have the same PM mass, overall active volume and current density.
> To examine the feasibility of implementing proposed Inset Magnet Consequent Pole
(IMCP) machine in a real direct drive wave energy converter developed by Uppsala
University.
> To build and test two selected lab-scale prototypes
> To validate results by performing an experimental set-up for assessing the agreement
between the simulated and measured results.
Based on the problem statement defined above, research question of the thesis is formulated
as:
* How should the Linear Vernier Hybrid Machine be designed in order to maximise its

utility/performance for a direct drive wave energy applications?
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1.3 Contribution to knowledge

The research in this thesis contributes toward the linear version of VHMs modelling,
design optimisation, reduction of the magnet and translator mass. The significant
contributions are discussed in detail in Chapters 3, 4 and 6 and can be summarised as:

1) The LVHM topology which improves on some of the problems associated with pole-
to-pole leakage flux is developed and evaluated. The tapered ferromagnetic poles are
utilised and analysed in this design, which can reduce the leakage flux circulating
between neighbouring PMs in the baseline VHM [2]. Reshaping the consequent poles
would also result in a noticeable reduction of the undesirable harmonics. Therefore, the
developed design is capable of producing higher no-load back EMF and thrust force,
while it exhibits lower cogging force and force ripple compared to its counterpart.

2) A novel configuration of consequent pole LVHM incorporated with V-shape magnet
arrays, which provide flux concentration effect, is proposed and designed in line with
the aim of power factor improvement. In addition, this machine can offer higher force
density compared to the IMCP machine.

3) A developed topology of the LVHM with the feature of flux concentration and rib-
less V-shape magnet arrays with alternating polarity is proposed to further improve the
power factor without increasing the magnet mass.

4) A new translator assembly is proposed to keep the translator core back as minimal as
possible offering a significant reduction in the translator mass.

5) A case study on integrating the V-shape consequent pole machine into an existing
wave energy device has been carried out in this research. A number of designs with
different assembly structure has been studied. The material consumption and associated
costs of the scaled up machines have been investigated and evaluated. The results imply
that the proposed machine can offer a significant reduction in the PM mass. The optimal

structure can save the translator mass.

1.4 Thesis layout

The layout and contents of the thesis is briefly described here:

Chapter 2: This Chapter gives literature review on wave energy converters and linear
electrical machines. It starts with an introduction to wave energy, followed by the potential
of extracting this sort of energy. The most common existing wave energy converters used to
extract the energy from the waves are described as based on their classifications. An

3
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overview of power take-off systems is also presented, in which the direct drive power take-
off is covered in significant details, supported with some available examples. The Chapter
ends with a survey on a number of topologies of linear electrical machines that have been
proposed for DD-WECs. The operation principles, advantages and disadvantages of each
topology are also discussed. Based on one favoured topology, different magnet

configurations are identified and investigated.

Chapter 3: This Chapter begins with a description of the development of the C-core Inset
Magnet Consequent Pole machine. The focus is, however, on the influence of employing the
ferromagnetic poles on the machine performance. The effect of adopting theses reshaped
poles on cogging force minimisation are illustrated and analysed. A deep analysis of the
electromagnetic performance of the C-core IMCP machine is compared to that of the baseline

LVHM [2]. Further investigations on E-core IMCP machine is also covered in detail.

Chapter 4: This Chapter introduces a novel structure of consequent pole LVHM by
integrating V-shape magnet arrays with iron poles, providing a flux concentration effect.
This feature would result in an increase in the airgap flux density and hence the power factor.
Further investigation on the LVHM with buried magnets is performed later, in which a new
V-shaped machine with adjacent alternating polarity is analysed and compared to the former
one. One topology was selected to be built considering the manufacturing complexity.

Chapter 5: This Chapter gives a detailed description of manufacturing process for the two
selected laboratory prototypes machines covered in Chapters 3 and 4. Practical assembly
techniques are proposed for translator and stator assembly, where the minimum possible
thickness of the translator core back can be achieved, and the mechanical airgaps can be
flexibly adjusted. A complete test rig used in validation tests, which includes the prototype

machine, ball screw drive and force transducer is discussed.

Chapter 6: This Chapter presents details of the experimental evaluations and compares them

with the simulation results in order to validate predictions.

Chapter 7: This Chapter presents a case study focusing on the replacement of the existing

large-scale linear generator developed by Uppsala University with the proposed V-shape
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Consequent pole. A number of designs are investigated in terms of the active material

consumption and associated costs.

Chapter 8: This Chapter identifies the key conclusions derived from this research along with

author’s recommendations for further work.

1.5 Published work

Journals

1. Almoraya AA, Baker NJ, Smith KJ, Raihan MAH. Design and analysis of a flux
concentrated Linear Vernier Hybrid Machine with Consequent Poles, IEEE
Transactions Industry Applications Society, 2019.

2. Baker, N.J., Raihan, M.A., Almoraya, A.A., Burchell, JW. and Mueller, M.A.,
Evaluating Alternative Linear Vernier Hybrid Machine Topologies for Integration
into Wave Energy Converter, IEEE Transactions on Energy Conversion, 33(4),
pp.2007-2017,2018.

3. B. McGilton, A.A. Almoraya, M. A. H. Raihan, R. Crozier, N.J. Baker, M. Mueller; An
Investigation into Linear Generators with Integrated Magnetic Gear for Wave Energy
Power Take-Off, In: The Journal of Engineering: IET.
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Linear Permanent Magnet Machine, In: The Journal of Engineering: IET.

Conferences
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wave energy converter, In The 12th International Symposium on Linear Drives for
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Chapter 2. Literature Review

2.1 Introduction

The aim of this Chapter is to explore why DD-WECs require the development of new
electrical machines. The Chapter also gives the reader a brief history on the development of
wave energy and its potential as a renewable energy resource in the UK. The classifications
of WECs based on wave direction and operation principle are introduced. As such, an
overview of the most common existing technologies of the WECs, which are driven through
mechanical intermediates such as pneumatic or hydraulic systems, or can be directly driven
by a linear generator are provided. Different power take-off (PTO) systems of WECs are
introduced and described. In particular a direct drive system is discussed in some depth,
highlighting the required electrical machine for of such a system.

The last part of the Chapter presents an overview of small-scale linear electrical
machines that have been proposed for DD-WECs, and briefly outlines both the operation
principles and constructional features on which they are based. The main characteristics of
the linear machines are given in order to highlight their key advantages and disadvantages.
Considering primarily the mechanical and electrical point of view, one machine topology is

selected for further investigation and is developed in the next two Chapters.

2.2 A Brief History and Development

The extraction and utilisation of the ocean waves as a source of energy was first
recognised in Paris in 1799, when Girard and his son proposed and designed a machine for
capturing the wave’s motion to move large wooden beams for driving pumps and mills [3].
After more than ten years Bochaux-Praceique constructed the first wave energy converter
using an oscillating water column to supply his house with electricity [4]. In the late 1940s,
the Japanese pioneer of modern wave energy developed and tested several concepts of
floating buoys driven by wave energy, one of which later became known as oscillating water
column [5].

In 1973, due to the oil crisis a renewed concern about alternative energy such as wave,
wind and solar energy was motivated in many affected countries including the UK. During

this time the UK government funded academic institutions and industries to prepare plans




Chapter 2 Literature review

for how wave energy could be exploited. A famous milestone in wave energy was the
invention of the Salter Duck by Stephen Salter from the University of Edinburgh [6]. In the
1980s, with the recovery of oil prices, the UK government dropped wave energy funding in
favour of high rated generating systems including coal and nuclear power plants, [7].
Nevertheless, some researchers continued working in this area and a few prototypes were
tested in the sea.

Over the next decade, with the increase in global temperature and fuel prices, the
government funding and hence research in the field of wave energy was rekindled once
again, leading to an increased level of R&D projects. During this period the European
Commission (EC) played a significant role in boosting innovation and cooperation between
countries by supporting conferences affiliated with ocean technology and marine science.
Also as a result of that support, the European Wave Energy Thematic Network and the
Coordinated Action of Ocean Energy were established in 2000 and 2004 respectively [8].
Since 2008, ocean energy devices have been contributing small amounts to power generation
in the UK by more than 11,000 MWh of electricity [9]. There are many different concepts
that developers have devised to convert the energy of ocean waves into electricity. These
include devices with different principles of operation and PTO mechanisms and there is yet
to be an agreement on one particular device configuration.

A large amount of research has been conducted by industry in the progress of WECS; as
discussed in detail in section 2.6. A comprehensive review on the history of ocean energy is
not covered in depth in this thesis. However, more information about the major existing gaps,

barriers and challenges to the progress of this sector can be found in [7, 10-13]

2.3 Potential of Wave Energy in the UK

Among all renewable energy resources wave energy is one of the most promising
resources that has drawn tremendous attention in the last decade due to the most
distinguishing features from other renewable energy resources [14]. Wave energy has higher
power density than that of wind and solar power, i.e. 15-20 times higher and is capable of
generating electricity up to 90% of the time with the aid of WECs [14]. Figure 2.1 illustrates
the average power density in different locations around the world. It can be observed that in
some European countries including the UK, wave power could be harnessed very effectively
to produce electricity. The global wave power resource is estimated to have a potential of

2TW [14, 15]. A calculation of a wave traveling over a line around the coast has been widely
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applied to estimate the potential of wave energy in the UK [9], which represents nearly
27GW. In the UK, considering the fishing, shipping and other environmental constraints the
offshore and nearshore regions are estimated to provide 70 TWh/year and 5.7 TWh/year
respectively [16]. To put this Figure into perspectives, the annual UK’s energy consumption
is 360 TWh/year, meaning that over 10% of the expected 2050 electricity demand could be
met by utilising these resources [16]. This potential has attracted the wave energy
developers’ attention along with more than 250 wave energy companies and 100 tidal
developers [16].

According to the Department of Energy and Climate Change (DECC) in 2011, 27 GW
of wave power and tidal stream could be established by 2050 [17]. However, reference [18]
has reported that 960 kW of the existing installed wave power and 2100 kW of the installed
tidal in the UK have not met the expectations of DECC. Progress in the UK is less than
expected, and some developers have had to stop working as all the challenges of ocean

energy are recognised.

Figure 2. 1: Global average wave energy in kW/m of crest length panning 10 years period [19]
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2.4 Classifications of WECs

There are a lot of challenges and issues associated with WECs especially when

designing and constructing these devices. Authors [20] have reported the key technical

challenges which include:

Irregular motion of waves

More efficient resources are available for offshore in which regular maintenance is
problematic

The difficulty of performing the long-term sea trial measurements due to the lack of
robustness in rough seas

The importance of making predictions of the storms and other extreme wave
conditions when power levels can exceed 2000kW/m?.

The conversion of low frequency (nearly 0.1 Hz), and high force oscillating
movement into beneficial motion to drive an electrical generator with an output
quality satisfying the grid requirements.

As waves vary in height and period, their respective power levels vary accordingly.
While gross average power levels can be predicted in advance, this variable input has
to be converted into a smooth electrical output and hence usually necessitates some
type of energy storage system, or other means of compensation such as an array of
devices.

Presently, there are many WECs being developed. These devices can be classified

based on their location; shoreline, nearshore or offshore, and the way of capturing energy

from the waves. An extensive review of wave energy converter technologies are
available in [8, 21, 22].

2.4.1 Classifications of WECs Based on Wave Direction
2.4.1.1 Attenuator

An attenuator WEC is a long floating device which is designed with a short length

relative to the wavelength. When the instant waves travel in parallel to the device, bodies

ride the waves. These bodies are generally jointed units so they flex and bend as waves pass

along their length, and the relative motion between the segments is used to produce power.

The Pelamis became the first offshore WEC to produce electricity into the grid in Portugal,

10
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at the Aguadoura Wave Park in 2008[23]. An example of this technology is the Pelamis

device shown in Figure 2.2 (a) developed by Ocean Power Delivery Ltd.

2.4.1.2 Point absorber

A point absorber is a device that extracts energy from waves. With its small dimensions
of the floater in comparison with the dominant wavelength, this system can offer high
extracted wave power to mass ratio [21]. It is a floating body that can move up and down on
the surface of the water or flooded under the water depending on the pressure differential as
shown in Figure 2.2 (b). This device possesses the merit of capturing energy from a wave’s
motion in any direction either a vertical or horizontal direction. It also has the advantage of
being able to withstand strong storms. There are many examples of point absorbers, one of
which is the heaving point absorber proposed by Vantorre et al. in 2004. Another example is

the Ocean Power Technology’s Powerbuoy [24].

2.4.1.3 Terminator

Terminators are semi-submerged devices which spread perpendicular to the
predominant direction of the wave, while their main axis is parallel to the incoming wave.
The oscillating water column is a form of terminator, in which the waves force water to enter
through the input port underneath the surface and is hence stored in the enclosed chamber.
As the water pressure increases, the top of the structure forces the air out to drive the turbine
for generating electricity. Figure 2.2 (c) shows an example of this type of terminator known

as Oceanlinx Moored Oscillating Water Column Terminator, off the Coast of Australia.

(c)

Figure 2. 2: (a) Attenuator (b) point absorber (c) terminator [21, 22]
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2.4.2 Classifications of WECs Based on Their Operation Principle

WECs have been categorized in several ways , [25], [3], [21] based on their approach of
extracting the energy or operation principle. The classifications described in [21, 22] are
presented in this section. According to the literature, the most promising type has not been
nominated yet. The basic operating principles of the three main classifications are described

below.

2.4.2.1 Submerged Pressure Differential (SPD)

This concept operates based on the utilisation of the dynamic pressure alteration above
the submerged point absorber between wave crests and neighbouring troughs. It is situated
near shore and basically consists of two major parts: a seabed-mounted tubular chamber and
moveable tube on the top. A well-known example of this category is the Archimedes Wave

Swing, which will be described in detail in section 2.5.4.1.

2.4.2.2 Oscillating Wave Surge Converter (OWSC)

The OWSC is a near-shore version of wave power technology that is designed to extract
ocean wave energy. It has a bottom-hinged flap placed perpendicular to the seabed as shown
in Figure 2.3 (a), in which the flap swings back and forth with the aid of the boosted
horizontal particle waves’ motion. Since this system is capable of working with a large
variety of wave ranges, the efficiency of electricity production from waves is improved as a
result. The Aquamarine Power Oyster [26] is a developed OWSC that was established in
Edinburgh in 2005. A large-scale prototype has been designed and built by European Marine
Energy Centre (EMEC).

2.4.2.3 Oscillating Water Column (OWC)

The OWC is a shoreline device which comprises of a large concrete chamber with an
opening submerged under the waterline as shown in Figure 2.3 (b). As waves move a large
amount of water is collected and forced into the chamber, acting as a piston by compressing
the air within the chamber. This pressurized air is then released to drive the turbine which is
connected to the generator for power production. It has been reported that the concept of the
OWC device possesses the advantage of having a simple and rigid structure [5]. This
technology can be installed at the shoreline as Wavegen Limpet, which was mounted in the
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Isle of Islay, Scotland. Another example of the OWC device is Oceanlinx, proposed by
Australian wave energy developer with two versions: one for the surface and the other for

deep water [5].

2.4.2.4 Overtopping Devices (ODs)

The design structure of overtopping devices demonstrated in Figure 2.3 (c) allows sea
water captured from incident waves to flow passing through slopes towards storage
reservoirs above sea level. Then, the contained water returns to the sea passing through a
conventional hydro-turbine located below the reservoir, which is coupled to a generator to

produce power. An example of the overtopping device is the Wave Dragon [21]

PELTON WHEEL SUB STATION
OSCILLATOR & GENERATOR

SEARETURN.

AIR IS COMPRESSED
INSIDE CHAMBER

(a) (b) ()

Figure 2. 3: (a) Oscillating wave surge converter (b) oscillating water column (¢) Overtopping
Device[21]

2.5 Power Take-off Systems

The power take-off system can be defined as the mechanism that is used to convert
mechanical motion into useable electricity. In these systems, the conversion processes
basically requires either a direct-drive linear generator or a conventional rotary generator
coupled to a mechanical interface to generate electrical power by transferring the alternative
motion into continuous unidirectional motion. The mechanical interface can be a pneumatic
or hydraulic turbine, or a mechanical gearbox. General descriptions for the most common

PTO systems as follows:

2.5.1 Pneumatic Systems
In wave energy devices such as an Oscillating Water Column, air turbines are

commonly used to convert wave energy into mechanical energy. The concept was to use the
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oscillating water level produced by the ocean waves to drive a turbine. The key challenge
facing this device is the bidirectional nature of the airflow. Rectifying the air flow combined
with a conventional turbine through non-returning valves is one solution. However, this
configuration is complex, has high maintenance costs and for prototype size the valves
become too large to be a viable option [13]. Therefore, a self-rectifying air turbine can be
used to obtain a unidirectional rotation converted from an alternating air flow as another
solution.

In the last 40 years, many kinds of self-rectifying turbines have been proposed, such as
Wells turbines, Impulse turbines and Denniss-Auld turbines. The Wells air turbine is the
most common air turbine in WECs [21] due to its capacity to rotate continuously in the
same direction independent of the airflow direction, and the merits of a relatively high
velocity ratio of rotational blade to airflow and has low manufacturing cost. However,
several drawbacks have been reported such as low torque at small flow rates; low efficiency

(<65%) ; poor starting; high noise; and a relatively large diameter for its power [21].

2.5.2 Hydraulic Systems

Large forces on oscillating bodies can be extracted from waves in low frequencies.
This characteristic of the waves allows high pressure oil hydraulic systems to be employed
in WECs. The following diagram describes the basic structure of the hydraulic PTO
systems adopted in WECs.

High
Pressure
accumulator

Hydraulic motor

Generator

Actuator

G

{ ]\ Low
N Pressure

accumulator

Figure 2. 4: Schematic of a hydraulic PTO
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The extracted forces produced by the waves allow the body or buoy of the WEC to
activate a hydraulic arm or piston, leading to high pressurised hydraulic oil. The fluid flows
in the circuit passing through check valves, which in turn allow the oil to flow in only one
direction. In other words, these values can rectify the hydraulic fluid to flow in one
direction regardless of the direction of the piston motion. Then, the hydraulic fluid is
collected in a high-pressure accumulator. The absence of the accumulator would lead to an
imbalanced flow rate, which can influence the hydraulic motor output and thus create an
irregular generator output as a consequence. The electrical generator is derived by the
hydraulic motor to generate the electricity. The energy output and the overall efficiency of
the system can be determined by controlling the flow into the hydraulic motor. Though the
flow is smoothed by the accumulator and a flow control valve in this circuit, further
advanced control strategies are employed in PTO systems to maximize the output power
in a wide range of sea states [21]. Finally, the low-pressure accumulator provides a definite
level of low pressure in return line so as to prevent cavitation.

These systems have the feature of strong large quantities with a smooth output power.
However, there are a number of challenges associated with their design and operation: the
containment of the hydraulic fluid, the wear of the seals, the efficiency of the PTO, the
maintenance of the system under real sea conditions, the possibility of excess motion of
the piston and the need for end-stops and energy storage are among those which are

discussed in detail in [21]

2.5.3 Direct Drive Mechanical Systems

Direct mechanical drive systems (DDMSs) are mechanical intermediates that are used
to link the WEC directly to the electrical generator, which in turn can reduce the number of
moving parts as illustrated in Figure 2.5. These mechanical intermediates can be a step up
gear box, pulley, simple mooring line and belt in which they are usually used in point
absorber WECs. Either rotary or linear electrical machines can be used to generate
electricity. In both cases storage and frequency converter systems are required to
compensate the velocity variations. For this type of PTO the available storage system can
be a battery, electrochemical cells, ultra-capacitor and flywheel. All of which have
advantages and disadvantages, e.g. the battery can offer high energy density but a short life
span and is environmental unfriendly, whereas the ultra-capacitor has a longer life span but

a higher price. The most common example of a point absorber using DMDS is that
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developed by Uppsala University [27], which basically comprises of a buoy coupled
through a connection line to a linear generator positioned on the seabed.

Rotary Mechanical
electrical ’I” G@ conversion
generator system

Ocean waves

Figure 2. 5: Hllustration of a direct drive mechanical PTO

2.5.4 Direct Drive PTO Systems

Direct-drive PTO systems are systems where the moving part of the converter, such as
a buoy or wave swing, is directly coupled to the moving part of the linear generator, the
translator. The speed of the electrical machine now, however, has to match the speed of the
buoy, (0.5 to 2 m/s). Which means, direct drive mechanisms can reduce the number of energy
conversion steps of the conventional systems as shown in Figure 2.6. In other words, the
mechanical interfaces such as gearbox, hydraulic and pneumatic systems, which are often
used to link the prime mover to the high-speed electrical generator can be eliminated.
Consequently, maintenance requirements are reduced plus the efficiency and reliability of
the overall system can be significantly improved [28]. Though this leads to a simple system
with few components, it calls for the design of an unconventional electrical machine that
must be capable of producing electricity efficiently with a low-speed and high thrust force
input.

The work in this thesis will focus on linear PM machines suitable for DD-WECs.
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Figure 2. 6: Alternative power take off schemes[29]

2.5.4.1 The Archimedes Wave Swing (AWS)

The Archimedes Wave Swing (AWS) was the first original DD-WEC integrated with a
large Permanent Magnet Linear Generator (PMLG)[30]. It was developed in the Netherlands
and the 2MW full-scale submerged prototype was tested offshore in Portugal in 2004 [31].
However, a floating buoy is not employed in the AWS. It is a completely flooded cylindrical
device which comprises of two main parts: One is the top floater part which oscillates
vertically and the other part is a cylinder fixed to the seabed as shown in Figure 2.7 (a). As
waves pass over the AWS the air is compressed, forcing the floater against the stationary
structure. When the waves move away the pressure is released allowing the floater to go back
to its original position. This vertical oscillation is converted into mechanical energy to drive
the translator of the PMLG, which is directly coupled to the movable part of the AWS. The
PMLG is a double-sided flat machine in which the windings are mounted within the inner
stator, while the magnets are located on the outer translator as shown in Figure 2.7 (b).
Archimedes Wave Swing Ocean Energy has taken further steps to develop the AWS by
introducing two point absorber concepts. One such is an improved version of the initial AWS
known as MK-I1. The other device is the recent AWS-I1I with 2.5 MW rated output power
[32], which consists of a multi- interconnected air chambers to convert wave power to
pneumatic power through pressurised air within each chamber. The pneumatic power is
hence converted to electrical power by turbine-generator sets. The AWS-III offers a
significant feature of eliminating the end-stop issues owed to the use of the air as a

transmission medium.
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Figure 2. 7: (a) The Archimedes Wave Swing (b) cross-section (c) photo [31]
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2.5.4.2 Inter Project Service (IPS) Buoy

The IPS Buoy is a semi-submerged system which was initiated by a Swedish company
in 1980s. This device is a circular buoy, fixed by a flexible rope allowing its vertical
movement, with a long vertical fully submerged acceleration tube with open top and bottom
ends to the sea as shown in Figure 2.8. As waves pass under the buoy the acceleration tube
moves up and down based on the mass of damping water contained in the acceleration tube
which acts as the reference body of the movement. The relative motion of the piston and
floater tube system can be used for the power take-off. When the oscillation amplitude
exceeds a critical value, the piston is detached from the mass of the surrounding water and
comes out of the cylinder, thus allowing it to follow the oscillation of the tube. This feature
offers an extra level of protection against the PTO being damaged. This device also
has a further benefit of being able to oscillate in an inclined direction, which changes the
buoyancy force and thus frequency response. It has been shown that by employing the IPS
buoy the instant wave power can be converted to electricity with an efficiency of 30-35%
[33]. The sloped IPS buoy has drawn interest from research field on the target of limiting the

drive stroke and improving the overload protection [33].
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Figure 2. 8: Cross-section of the IPS buoy

2.5.4.3 Floating Buoy

A heaving buoy is a floating device that can be cylindrical or spherical, oscillating

vertically with the motion of the ocean waves and reacting against a common reference frame

as shown in Figure 2.9. It can be installed nearshore or offshore, be flouting or submerged.

Due to the restriction of the motion direction of this device only 50% can be extracted as a

maximum portion of the energy available in its absorption width.

/ Waves
Buoy /
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Figure 2. 9: Floating buoy system
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2.6 Linear Electrical Machines

In general, electrical machines play a significant role in facilitating any kind of
mechanical work. They have been extensively used in industrial and domestic applications
in which the majority of them are rotary. However, a linear motion is required in many
applications, e.g. transportation, automation systems, and direct drive renewable energy
applications. The concept of the linear machine is a rotary machine cut along radial plane
and unwrapped, as shown in Figure 2.10, so that a traveling magnetic field is produced by
the three phase windings[34]. The general operation principles of this category of machines
is the same as that of the equivalent rotary machine: the interaction of the stationary track
(stator) and the translator fields causes a conversion of magnetic energy into a force and
hence motion. The linear machine can be either a motor or generator, and in both cases
magnetic forces are directly developed between stator and translator.

Figure 2.10 also shows the cross-section of the linear machine derived from rotary
machine configuration. It consists of two main parts: the stator which is the stationary and
the translator which represents the movable part. The relative length between the stator and
translator is different depending on the specific application, meaning that either the stator or
translator needs to be longer than the other for a constant active area. If the stator and
translator have the same length, and the motion is applied on the moving part of the machine,
a portion of one side of the translator loses the interaction with the stator, while a part of the
translator appears beyond the airgap and hangs free from the other side. Consequently, the
linear machines can be classified into two main groups as illustrated in Figure 2.11:

e Linear machines with short stator and extended translator;

e Linear machines with short translator and extended stator.

In addition, the translator, can accommodate either the armature windings [35],

permanent magnets [36], or both [37].

Rotary machine Winding

Linear machine
Stator Stator
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Translator

Figure 2. 10: Concept of linear machine

Stator
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Figure 2. 11: Main classification of linear machine (a) short stator (b) short translator

2.6.1 Linear Conventional Machines
2.6.1.1 Linear Induction Machine (L1M)

The linear induction machine (L1M) is a flat version of the conventional rotary induction
machine. It has three-phase stator windings in its primary, while the secondary houses the
squirrel cage that derived from its rotary counterpart in which brushes or slip rings can be
eliminated as shown in Figure 2.12. Due to its simple structure and low initial cost this
machine is used in a wide variety of applications such as railway transit and automotive
suspension systems[38], or wave energy conversion [39].

In the LIM, when the stator windings are fed by a three-phase AC current supply, a
travelling magnetic field is produced which travels at synchronous speed in the airgap region.
As a consequence, the translator speed will not reach the synchronous speed of the travelling
magnetic field in the stator resulting in an induced back EMF in the translator. The difference
between the two speeds is known as ‘slip’, which causes the force and hence the translation
motion. If the slip is zero, no EMF would be induced in the translator, no current will flow
and thus no force would be produced. If the translator speed exceeds the synchronous speed
of the magnetic field, the machine acts as a generator. By connecting the armature windings
to a controllable converter, any slip speed can be obtained at any translator velocity. Thus,
the output power can be easily controlled for a variable input speed as such the rotary
counterpart is normally employed in wind turbine.

When the LIM operates as a generator, it delivers an active power to the electrical supply
and draws reactive magnetization current from the supply, thus requiring a bi-directional grid
connection. If the mechanical airgap is larger than its equivalent of the rotary version, the
inductance and thus the reactance of the winding is small, leading to an increase in the

excitation current and hence a reduction of the total efficiency of the machine.
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Figure 2. 12: Linear induction machine

2.6.1.2 Linear Permanent Magnet Synchronous Machine (LPMSM)

Since the development of the soft and hard magnetic materials had begun, the Linear
Permanent Magnet Synchronous Machines contributed to facilitate the transmission of the linear
motion in direct-drive applications [40]. The LPMSMs have been extensively employed in
several applications such as trains, industrial equipment, military and other fields [36, 40-42].
The use of the PM in linear synchronous machines has shown that higher thrust force, fast
response and lower losses can be achieved compared to other types of synchronous machines. In
addition, the absence of the translator windings influences its mass and size and requires little to
no maintenance. However, the cost of the PM materials, the existence of stray magnet fields, and
the cogging force caused by slotted structure and end effect are considered as severe drawbacks,
which have restricted their use in some applications [36, 43].

The LPMSM has a simple structure stator core with inherently low synchronous reactance,
while the translator has PMs located on its surface as shown in Figure 2.13. The PMs can be
placed on the translator surface or inset in the translator structure. The stator also offers a wide
range of winding arrangements: single phase, multiple phase, different ratio of slot/pole/phase,
distributed or concentrated windings. The PMs act as the excitation source to generate the
excitation field in the translator, which in turn interacts with the travelling magnetic field
produced by the armature windings[42]. The working principle of the LPMSM is the same as
that of the Wound-field Synchronous Linear Machine, in which the excitation field is provided
by the installed PMs rather than the excitation windings.

When the translator is driven, the flux generated by the PMs cut the fixed stator windings in

a sequence manner, resulting in an induced EMF.
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stator
Figure 2. 13: Linear PM machine [36]

2.6.2 Variable Reluctance Permanent Magnet Machines (VRPMMs)

The Variable Reluctance Permanent Magnet machines are superior to the conventional
machines in terms of their high shear stress [36, 44]. A member of this family known as the
Transverse Flux Machine (TFM) can achieve an airgap shear stress of 100 kN/m? compared
to only 20-30 kN/m? achieved by its conventional counterpart [45]. This implies that by
employing the VRPM machines the airgap area can be reduced by a factor of five, resulting
in a small machine for direct drive applications.

The adoption of the magnetic gearing allows this kind of machine to produce a rapid
flux change with only a small physical displacement. The concept of magnetic gearing is
demonstrated in Figure 2.14, in which an individual stator tooth is split into three flux
modulated poles interacting with five PMs mounted on the translator surface. As the
translator travels by one pole pitch the flux will be reserved following the orientation of those
magnets aligned with the split teeth, as illustrated in Figure 2.14 (a and b). On the other hand,
in the toothless structure the rotor should move five times of this distance as shown in Figure
2.14 (c) and Figure 2.14 (d). Which means, the rate of change of flux has been increased five
times by employing the split teeth design. However, there are only three active magnets
producing the main flux at any time, resulting in a reduction of the maximum flux by a factor
of 3/5 compared to 'c' and 'e'. Hence, the net magnetic gearing of the split translator and stator
poles is threefold. Various types of these machines have been proposed and are in use [37,
46-52], all of them have the same basic principle of operation. The three most common

topologies will be presented in the next three sub-sections.
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2.6.2.1 Linear Transverse Flux Machine (LTFM)

Authors [46], have reported that LTFMs are capable of producing much higher force
densities than other types machines with a factor of three to five times. This indicates that
the LTFMs might be the most suitable candidate for those applications where high force
dense is required. This class of machine possesses some advantages distinguished from other
machines. Most significantly, the space required for the armature windings can be
maximized without sacrificing the space allocated for carrying the main magnetic flux,
which therefore increases the design flexibility [53]. Another benefit of the LTFMs is that
the force density can be simply increased by reducing the pole pitch for a given overall
dimensions or increasing the number of poles. Thus, by employing the linear transverse flux
generators both the active volume and mass can be reduced compared to the longitudinal
flux permanent magnet generators. On the other hand, the LTFMs suffer from a number of
disadvantages such as force ripple, low power factor, poor overloading capability and the
complexity of the manufacturing process [54] resulting in a limitation of their use in some
applications. However, optimizing the shape of the current waveform can sufficiently reduce
the force ripple as proposed in [55].

Figure 2.15 shows the geometry of a single-sided LTFM where the flux travels
perpendicular to the direction of motion. It has a translator with surface-mounted PMs in a
specific arrangement that allows the flux to flow parallel and perpendicular to the airgap.
The stator coils are individually wound around each side of a series of U-shaped iron cores
directing the flux in a manner that alternate translator poles energize the same conductor [56,
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57]. The outcome is an inherently 3-D flux path, and the flux generated by each pole pair
links the winding.

In the conventional PM machine configuration, the electric and magnetic loadings are
sharing the same space. Hence, the influence of increasing the number of poles of this
machine, for example by duplicating the number of poles both number of turns per coil and
the associated induced voltage will be halved as a result. Moreover, the flux will be halved
resulting in halving the induced voltage once more. However, both voltage drops will be
compensated by the duplication of the number of coils and the magnitude of the frequency.
Which implies that the induced voltage in the windings is not affected and thus the VA rating
of the machine is still the same as before. However, in the LTFM magnetic loading and
electric loading lie in different planes, i.e. the magnetic loading is set by the axial pole length,
while the electric loading is set by the side width [58]. As shown in Figure 2.15 the number
of poles in the bottom design is double of that of the top design in which the pole pitch has
been minimized by 50% of its initial value. This obviously demonstrates that the magnetic
loading of the machine has not been affected. The magnitude of the flux that surrounds the
winding has not been also changed, while the current loading is kept constant. However, the
rate of change of the flux is duplicated due to a duplication of the number of poles, which in
turn results in doubling the induced EMF. Therefore, increasing the number poles by
reducing the pole pitch using the same quantity of iron, copper and current will not influence

the electrical loading of the machine leading to a double increase of the machine VA rating.
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Figure 2. 15: Transverse flux machine

2.6.2.1.1 POWERFACTOR
The LTFMs suffer from low power factor which is considered as one of the most

common drawbacks of this category of machine, where the typical achievable values within
the range of 0.35-0.55, as reported in [59]. As well known, for a fixed real power output, the
capacity and relative cost of the converter is inversely proportional to the power factor of the
electrical machine, which leads to a considerable rise in the VA rating of the converter [48,
60, 61]. This indicates that the costs of the required drive circuit for the LTFMs are
anticipated to be higher than the equivalent drive circuit for the conventional machines. In
addition, as stated by[59], the advancement in this field has a very limited scope, and the
poor power factor is something inherent in this machine. The existence of the large leakage
flux in the LTFMs significantly contributes to the reduction of the power factor, where nearly
50% of the magnets leakage flux and 70% of the armature leakage flux have been reported
[59]. In theory, the leakage of the machine is presumed to be negligible. However, in practice
if the machine length is kept constant and the number of poles is increased, the pole pitch
then is reduced which allows the pole-to-pole leakage flux to increase resulting in poor
utilisation of magnets. Furthermore, by increasing the number of poles, the operating

frequency of the machine will be increased consequently and thus the value of the reactance.
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2.6.2.1.2 END WINDINGS
The rotary version TFMs has an attractive advantage of the non-appearance of physical

end winding, where the additional space is not required in this case. However, in a
conventional TFM only half of the winding is active at any particular time. As the U-shaped
laminated cores are spaced by air, and not by iron which allows the air to surround the
winding, the result is inefficient cooling of the machine. Moreover, since these portions of
the winding are exposed to the air, their impacts will be similar to that caused by the end
windings which lead to active material waste and contributing in increased mass, leakage
and copper losses in the machine [62]. In the configuration of a LTFM an extra portion of

end winding is required to wrap the stator teeth as existing in its rotary counterpart.

2.6.2.1.3 COGGING FORCE
Cogging force is a significant problem in the LTFMs due to the equality of the stator

tooth span to that of the pole span. Hence, this phenomenon cannot be supressed by
employing the conventional techniques such as skewing, and the short-pitch winding is not
applicable. The possible method for the cogging force reduction in this kind of machines is
to design the machine with a small magnetic loading and large electrical loading. However,
since the amount of the armature leakage flux is highly depends on the electrical loading the

power factor will be reduced as a result.

2.6.2.2 Linear Vernier Hybrid Machine (LVHM)

The Linear Vernier Hybrid Machine is a derived topology of the variable reluctance
machine, which can provide high force density [63]. The origin of the term hybrid is from
the incorporation of facets of the flux-switching machine and flux reversal machine. For over
four decades, the development of the brushless PM machines has shown the impending limits
to their characteristic performances growth, while there is still a great need for new machines
with higher power densities[60]. Therefore, the VHM has been extensively studied as an
alternative choice for the conventional machine to meet this requirement [44, 64-67]. This
class of machine exclusively exploits an extra flux so-called modulation flux due to the
magnetic modulation effects plus the regular PM flux. Thanks to this effects, the VHMs are
capable of generating considerable higher no-load back EMF and higher power density
compared to the conventional PM machines. As well known in the field of PM machines

design, specific combinations of slots/magnets are required to create the modulation effects.
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In this case, the required PM poles in VHM are usually more than that of the conventional
PM machine. If the number of winding poles are the same in both machines, the VHM with
its large number of PM poles would operate with higher frequency than the conventional one
leading to a significant increase in the reactance and hence a drop in the power factor and
concerns about an increase in the eddy-current and hysteresis losses in the iron core[60].
Therefore, the VHMSs are nominated as suitable candidate for low speed and high torque
applications [44, 49, 66-70]. However, reference [60] stated that this evaluation is unfair as
the comparison has been made considering both machine topologies have the same number
of winding poles rather than the same number of PM poles. Hence, the dependable
assessment of competitiveness of the PM Vernier machine is essential. However, so far a
small number of studies with a fair comparison of the two topologies has been reported.

Muller and Baker proposed and built the first linear version of the VHM for direct-drive
wave energy applications with a shear stress of 143.9kN/m? [71]. This machine has a simple
structure of double-sided stators with six C-shaped iron cores facing each other
symmetrically. Both PMs and windings are mounted on the stator, while the toothed
translator is sandwiched between the stator sides. Each stator pole is wound with a single
coil in which these four coils are connected in series to form one phase. There is also a set
of multiple magnets with an adjacent alternating polarity placed on each individual stator
tooth. The pitch of both translator’s slot and tooth is similar to that of the magnet pole pitch.
Figure 2.16 shows a single phase unit with two identical C-shaped iron cores, in which a
three modules of these with a displacement of 120 electrical degrees are required to form the
complete three phase machine. The basic operation principle of the machine relies on the
magnetic gearing effect: short pitch PMs (say <50mm) travel with respect to the slotted
translator with similar pitch. The variation of the reluctance is provided by the slotted
translator and hence a rapid flux is produced as a result leading to a large rate of change of
the energy in the airgap shear stress. The initial development of this machines is covered in
detail in Chapter 3.
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Figure 2. 16: Single phase unit of the LVHM

2.6.2.2.1 POWERFACTOR
As with other members of the family of the VRPM machines, the internal reactance of

the VHM is very high contributing to one of the limitations associated with this type of
machine, the undesirable poor power factor. Thus, an over-rated power electronic converter
is required to overcome the drop in the power factor [48, 60, 61]. As known, the VHM is
incapable of achieving the same value of the flux density produced by the conventional PM
machine when both machines have the same PM volume. This is due to the fact that the PM
arrangement corresponding one stator winding pole in the VHM produces a heteropolar field,
in which half of the PMs under one winding pole generate the main flux at any instant, while
the reaming PMs produce the leakage flux. Consequently, a higher reactive effect or a higher
number of turns is required for a given design, leading to low power factor. If the stator
winding of VHM are designed to be same as that of the conventional PM machine, the phase
inductance in the two machines can be supposed to be the same in a sensible design. In this
case, the VHM has lower flux linkage and hence lower power factor. These points implies
that the high phase inductance is not the main reason of the poor power factor in the
VHM[60]. Which means, by increasing the main flux produced by PMs the poor power
factor can be improved [48, 60, 61, 72], which is the desired technique adopted in this
research. Two new topologies are proposed with aim to improve the power factor which will
be discussed in detail in Chapter 4.

Different topologies have been proposed to improve the power factor of the VHMs, for
example, the use of an auxiliary DC winding [61]. The implementation of this winding would
enable the magnetization level of the PMs to be controlled, resulting in a controllable no-

load airgap flux density [61]. The feature of the flux- control capability can contribute to the
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power factor improvement. However, an unavoidable side effect of this is an increase in the
copper loss and converter losses plus an increase in winding material consumption.
Therefore, the machine efficiency and initial cost can be influenced, albeit partially offset by
a de-rated power converter. In addition, in [61], the PMs are placed on the translator resulting
in insufficient magnet utilization for large amplitude applications. In [48], the authors
proposed an effective topology of a rotary Vernier machine with an improved power factor
using flux concentration rotor structure and double-sided stators. However, again converting
this machine into a linear version requires a large amount of PM material since the PMs are
located in the translator, which will considerably increase the initial cost especially for long

stroke applications.

2.6.2.2.2 ATTRACTION FORCE
The existence of the iron-core in linear machines causes a strong magnetic force between

the translator and stator [28]. The attraction force or airgap closing force acts to close the
airgap influencing the bearings deterioration. Since the VHM shown in Figure 2.16 has
double-sided stators, the two magnetic forces produced by both stators react against each
other, which theoretically cancel out. The asymmetric airgap resulting from the
manufacturing tolerances is the leading cause of this force. According to [73], the value of
the attraction force can be 5 to 10 times of the tangential shear stress. If the airgaps are non-
identical, the result is a large net force between the primary and secondary parts as verified
in [74]. In a large-scale generator such as the AWS, the length of the translator is
approximately 8m, hence it is improbable to maintain the airgap uniform along this length.
Therefore, a rigid structural support is needed to keep the airgap. It should be indicated that
by increasing the number of stator sides, the performance of VHM approaches that of the
tubular one, but the manufacturing cost will be increased as a consequence. Chapter 7
introduces a full-scale eight-sided VHM in attempt to obtain a design with less attraction

force as stated in [75].

2.6.2.3 Linear Flux Switching Machine (LFSM)

Flux switching PM machine is a member of the family of VRPM machines with a doubly
salient structure which was first proposed in 1955 [52]. The linear version of this kind of
machines are attractive for long stroke applications since both PMs and armature winding
are placed on the short part of machine (can be stator or translator), which in turn reduces
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the required amount of PMs and copper in comparison to the conventional long-stroke linear
PM machines, leading to a significant reduction in the initial cost. The machine consists of
a translator and stator and can be constructed as single-sided [76], multi-sided [37, 52]or
tubular [77]. The stator has six U-shaped cores, each phase comprises of a PM sandwiched
between two adjacent U-shaped cores, while the phase coil is wound around the teeth
adjacent to the magnet. Non-magnetic spacers are located between phases. Figure 2.17 (a)
shows the configuration of a single-sided FSLG. When the mover travels from the initial
alignment position to the next alignment position, the flux produced by PM links the
corresponding coil and varies from peak negative to peak positive. Consequently, the rate of
change in this flux caused an induced back EMF in the winding.

Although this machine exhibits high force and power density, it normally consumes a larger
amount of PMs than the conventional PM machine [76]. However, it can offer high PM
utilisation due to the absence of the leakage flux [78]. The machine also has the merits of
high power factor and a simple and robust structure [37, 79]. In addition, the fault tolerance
capability under one phase fault condition of this class of machines is one of the most
attractive features for industry applications where the requirement of the system reliability
can be increased. The LFSMs have been widely used in a wide range of applications which
require long secondary, particularly in traction systems [76]. They have been also
investigated for high thrust low speed applications such as direct drive wave energy
converters [52, 80]. Another linear flux switching generator for the same application was
proposed in [80], where an additional DC excitation was employed, as shown in Figure 2.17
(b). The results of these prototypes have shown that the LFSM is suitable to use as a low
speed direct-driven generator. However, due to the doubly salience structure for both stator
and translator plus the end effect, it exhibits extensive cogging force which leads to periodic

ripples in thrust force, and hence degrades the machine performance [81].
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Figure 2. 17: Linear flux switching machine (a) single-sided [52] and (b) double-sided [80]

2.6.3 Linear Tubular Permanent Magnet Machine (LTPMM)

Linear tubular permanent magnet machine is another form of linear machines where the
primary stationary part is wrapped around the secondary one in parallel to the motion, in
which these two parts are separated circumferentially by the mechanical airgap. The active
part of the mover comprises of a combination of ring-shaped iron and magnet poles. The
magnets are axially magnetised in which the flux is concentrated in the iron pieces which act
as north and south poles. The term tubular refers to the cross-sectional shape of the machine
and hence covers a wide range of possible topologies. Of the various linear machine
topologies, the linear tubular machines with PM excitation possess the distinctive merits of
a high force density, high ratio of PM utilisation, which make them more attractive choice
for applications where dynamic performance and reliability are crucial [82]. In addition, the
non-appearance of the end windings in their configuration can reduce the copper
consumption [83]. Different PM arrangements can be adopted in the LTPMMs since the PMs
may have different orientation of magnetisation [84], size and location (inner or outer PM
[85]).

Recently, the synchronous LTPMMs with magnets on the translator are the common
linear generators used in the direct drive wave energy conversion systems [86, 87]. However,
the complexity of the translator structure and the implementation of the laminated core are
undesirable drawbacks of this class of linear machines[88]. Besides, the heavy translator of
the LTPMMs increases the heavy shifting mechanical tensions the heaving buoys, which is

one of the main challenges in the development of wave power technology[14]. The problem
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of the translator structure can be avoided by employing different topology where the magnets
can be mounted on in the stationary part of the machine, the stator, such as the linear VHM
[89] and linear flux switching machine [77]. The developed Soft Magnetic Composite (SMC)
can overcome the problem associated with the core lamination[90].

The ironless LTPMM is another configuration of this topology where the iron core is
removed resulting in a significant saving of the core material and the associated structural
parts. The ironless structure shown in Figure 2.18 can significantly reduce the undesirable
magnetic attraction force which may increase the radial load on the bearings [91]. The
translator comprises of a non-magnetic shaft surrounded by a set of ring-shaped PMs with
alternating polarity arrangement separated by magnetic steel spacers. However, this
configuration has a negative impact on the generator performance [73, 92], in which high
magnetic losses occur in the stator due to the high variation of the flux ratio, requiring a
laminated stator. Furthermore, a shear stress about 10kN/m? of this configuration caused by
infinite airgap has been reported [73, 93], which is regarded as a poor shear stress for direct

drive wave energy converters.

3-Phase Winding

Permanent Magnet

Figure 2. 18: Ironless tubular linear PM machine[86]

2.7 Selection of Machine for Further Development

Electrical machines with PM excitation can offer higher shear stress compared to those
with electrical excitation. According to the above review which is summarised in Table 2.1,
the need for regular maintenance resulted from the brushes required in the conventional
linear machines make this category of machines undesirable for direct-drive wave energy
converter, offshore devices in particular. The low shear stress and high copper consumption
are other disadvantages of the conventional machines, in which their use in low speed high
thrust applications might be limited. Among all VRPM machines the LTFM offers the

highest shear stress where the smallest machine would be required to react a given force.
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However, the complexity of manufacturing resulted from the configuration of stator and
translator, the reported high cogging force and poor power factor, and inherently 3D flux
pattern, plus translator mounted magnets are major drawbacks that are persuasive reasons to
make this kind of machine out of the scope of the present research.

Though the LFSM has shown a great magnet utilisation, it requires a large amount of
PMs which can increase the initial cost of the direct drive generator owing to its bulky size.
In addition, the stator iron teeth can be easily saturated which may limit the electric loading.
Cogging force produced by the LFSM and the potential noise and vibration resulting from
harmonics are serious disadvantages.

The majority of the proposed linear tubular machines for DD-WECs have PMs mounted
on the translator contributing to the level of complexity of manufacturing. Furthermore, a
large amount of PMs are required, in which half of the translator length must be covered by
PMs, which would increase the initial cost, especially in long stroke applications. Even in
tubular versions of VRPM machines where the PMs are mounted on the short stator, the cost
of the ring-shaped PMs are more expensive compared to the bar PMs, so this topology is out
of our interest.

A comprehensive review on linear generators for DD-WECs considering the cost and
operational aspects has been performed in [94], in which the VHM and LFSM were the most
promising topologies. It has been reported that the existing Vernier machines suffer from
relatively low power factor, namely less than 0.4 [61], meaning that the converter must be
overrated by a factor of 4. This is not yet a reason to stop research in this direction, because
the converter is much cheaper than the low speed direct-drive generator [46], so that it might
be sensible to use a more expensive converter if the generator cost can be reduced.

The outcomes of the above discussion and the advantages listed in Table 2.1 make it
worthwhile to investigate the LVHM for further development and analysis. A thorough
optimization of this topology might improve the magnet utilisation and power factor
significantly. Therefore, the LVHM was selected as the most promising topology for further
research.

The outline of this option will be deeply presented and discussed in the next Chapters.
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Table 2. 1: Comparison of linear machines for low speed applications

Topology Advantages Disadvantages
LM e simple structure o require§ high excitation current
o low initial cost * lowefficiency
e |low shear stress
e high power factor e requires a large amount of PM
LPMSM | e high efficiency e low shear stress
¢ high translator mass
e PMs on the translator
e high copper consumption
e very high shear stress *  high copper loss
-V o higz fo?ce and power densities * cgmplex S.t ructure
¢ high cogging force
e PMs on the translator
e high shear stress
e high force and power densities
e simple structure
e robust translator structure e poor magnet utilisation
LVHM |*® low translator mass e attraction force is an issue
e low PM mass e low power factor
¢ high efficiency
e Shares the advantages of TFM
and flux reversal machine
e PMs in the stator
e simple structure e requires a large amount of PM
e high shear stress mass
LESM e great magnet utilisation ¢ high cogging force
¢ high power factor e attraction force is an issue
e robust translator structure e stator iron teeth are easy to
e PMs in the stator saturate
e the ironless topology suffers from
poor shear stress about 10kN/m?
¢ high force density * expe_nsive ring PMs
e low attraction force e requiresa Iarge amount of PMs
LTPMM |, absence of the end-windings e most topologies have PM on the
e can have ironless stator translator

complex structure especially for
large-scale
high cogging force
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2.8 Conclusion

Within this Chapter the idea, need and history of utilising energy from ocean waves
have been introduced. The classifications of the WECs based on direction and operation
principle have been discussed. Furthermore, different PTO systems have been presented and
described, in which the features of the direct-drive PTO systems over the mechanical direct
drive, pneumatic and hydrologic systems have been highlighted. It is shown that
development of linear machines to facilitate direct drive power take-off could be
advantageous.

Different topologies of linear machines have been also surveyed and described in this
Chapter. Details have been given of conventional linear induction machines, linear PM
synchronous machines, linear variable reluctance PM machines and linear tubular PM
machines. A discussion outlining their benefits and drawbacks has also taken place. The
linear variable reluctance PM machines have high shear stress allowing these machines to be
built in compact size compared to the conventional linear permanent magnet synchronous
machines. Despite the intense competition between the members of the family of the linear
variable reluctance PM machines, the double-sided linear Vernier hybrid machine has simple
structure where both magnets and windings are mounted in the stator, while the robust
translator consists of iron. Although this machine suffers from low power factor, the
converter appears to be much cheaper than the low speed direct-drive machine. The flux
concentration effect can be exploit to improve the no-load airgap flux density. Hence, this
method has been shown to improve the power factor without increasing the PM mass, i.e by
adopting a topology that is capable of providing a flux concentration effect. Therefore, it is
worthwhile to investigate this topology further. The proceeding Chapters investigate this
type of electrical machine for the purposes of improving the magnet utilisation and operating

power factor.

36



Chapter 3 Development of the Linear Vernier Hybrid Machine

Chapter 3. Development of the Linear Vernier Hybrid Machine

3.1 Introduction

The main work of this PhD develops the Linear Vernier Hybrid Machine (LVHM),
introduced in the previous Chapter into a new design for the purpose of improving the
machine electromagnetic performance, while reducing magnet use. This Chapter commences
with a description of modifying an existing design to give a simple stator structure and
introducing tapered ferromagnetic poles. Using Finite Element Analysis (FEA), the
developed design has been optimised and analysed in order to achieve the optimal thrust
force and minimum cogging force. The Chapter concludes by evaluating the performance of
the final design, which will be known later as Inset Magnet Consequent Pole (IMCP)
machine. This machine has been constructed in the laboratory, in which the manufacturing
and assembly processes will be described in more detail in Chapter 5. The verification and
validation of the FEA model are then investigated by comparison to experimental results

obtained from the prototype machine, which will be discussed in Chapter 6.

3.2 Description of C-core Inset Magnet Consequent Pole (IMCP) Machine

The linear Vernier hybrid machine proposed in [95], and developed in [68, 96], shown
in Figure 3.1 (a) was investigated to improve the electromagnetic performance while
reducing the magnet mass. Figure 3.1 (b) shows the structure of the three-phase C-core IMCP
machine in which the stator is formed of modular C-shaped laminated iron cores with a coil
wound around each C-shaped tooth, while the PMs and consequent poles are placed on the
surface of each stator tooth. The consequent poles, which will be described in detail in the
next section are adopted in the C-core IMCP machine where one polarity of PM is missing
and replaced with a piece of lamination, which means that this configuration has the same
polarity either S or N as shown in the above-mentioned Figure, whereas alternating adjacent
magnets are used in the baseline, meaning that in the C-core IMCP machine the
magnetization directions of all PMs are the same. The specifications of the C-core baseline
LVHM and IMCP machine are listed in Table 3.1.
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Figure 3. 1: Machine configuration (a) baseline LVHM (b) C-core IMCP machine

Since the C-core IMCP design possess almost the same structure of the baseline LVHM,
the magnet width is equal to half of the translator tooth pitch. The relative displacement

between the teeth of the C-shaped module is 360 electrical degrees, given by

Wyt = (m+F+2n) wPM (3.1)

where, Wyt is the space between the teeth of the C-shaped module, Wpn is the width of the
PM, m is the number of PMs, F is the number of ferromagnetic poles and n is a positive
integer. Moreover, in order to obtain the three phase machine, the mechanical displacement

Dmt between adjacent C-shaped modules should satisfy

Dmt= (nx1/3)zt or (nxl/6)z: (3.2)

Where n is a positive integer and = is the translator tooth pitch.
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Table 3. 1: Key parameters for both baseline LVHM and C-core IMCP machine

Item Unit Baseline C-core
IMCP
Rated speed m/s 1.2 1.2
Number of PMs mm 72 36
Airgap length mm 1 1
PM width mm 12 12
Ferromagnetic pole width mm 12 12
Stack length mm 100 100
Mover tooth height mm 10 10
PM volume cm?® 129.6 259.2

3.3 Consequent Pole (Ferromagnetic Pole)

A consequent pole structure can be employed in Vernier machines for the purpose of
minimising the magnet use [97]. It has been proven that the Vernier machines with only half
the magnet volume can achieve higher back EMF amplitude and capability of torque/ force
density than conventional Vernier machines [97-100].

For wave energy applications, Vernier machines with consequent pole structure have
been proposed in [61, 101, 102]. However, the PMs are mounted on the translator, where a
large quantity of PMs is still required to form a translator, which can be suitable for long
stroke applications. Therefore, to tackle this problem, it desirable to employ the consequent
pole structure in the Vernier machine with PMs mounted in the stator. Which will be
investigated in this research.

The proposed C-core IMCP machine offers distinctive advantages compared to baseline
LVHM. These advantages can be summarised as follows:

e Since the stator structure adopts the consequent pole, mass of magnets can be halved.

e Consequent pole structure in either stator or mover causes a reduction in the fringing

flux and thus increases the main flux [99, 103].

e Since the number of PMs is halved, the interaction between the PMs and translator

teeth would be influenced leading to lower cogging force compared to its baseline

counterpart.
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e Reduction in the quantity of PMs eases the assembly process.

ﬂ}h

||’ 'I'

I zlﬂ'ﬁ's IIIII NIII'l I
Rq: J_rf -‘-I |‘*’ \Il'a |vf.

I| "| 1 B

Figure 3. 2: Flux contour, (a) baseline LVHM machine (b) C-core IMCP machine (dotted lines
represent the flux leakage and solid line is the main flux).

Figure 3.2 shows the PM and slot structure of the baseline LVHM and C-core IMCP
machine. It can be seen that half the PMs produce the main flux, while the remaining PMs
produce leakage flux. In other words, south poles generate the effective flux, while north
poles generate the leakage flux. Viz, some of the flux lines produced by the south poles pass
the airgap towards the translator teeth and then go through tooth edges to the north poles
rather than linking the armature winding. Based on a simple reluctance network the leakage
flux of the baseline LVHM and proposed IMCP machine can be expressed as:

En

R,1+R
Fn
S, = —-— 3.4
¢ Rg1+Rg2+Rm ( )

Where Rg: is the slot airgap reluctance, Rq2 is the tooth airgap reluctance, Rm is the PM
reluctance, and @y and & are the flux leakages of the baseline LVHM and C-core IMCP
machine respectively. According to (3.3) and (3.4) it can be observed that the baseline
LVHM machine produces higher leakage flux compared with that of the C-core IMCP

machine, allowing the main flux of the later machine to be significantly improved with 50%
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less PM material. Therefore, the C-core IMCP machine is capable of generating higher no-
load back EMF and thrust force.
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Figure 3. 3: Flux lines predicted by FEA, (a) baseline LVHM, (b) C-core IMCP

Figure 3.3 illustrates the flux plot from 2-D FEA for both the baseline LVHM and the
developed C-core IMCP machine. It can be seen that the C-core IMCP machine possess a
greater main flux and lesser flux leakage compared with the baseline LVHM. It should be

mentioned that the equivalent analyses for a rotary version was conducted in [99].

3.4 Design methodology

This thesis is conducted by multi-dimensional approaches in order to achieve its aims
and objectives. The research methods are based on an in-house finite element simulation
package called Infolytica MagNet, though which simulations of existing and new LVHM are
implemented.

Furthermore, 2D-FEA (Infolytica MagNet software) was employed to implement
transient simulation of the LVHM, while 2D static FEA was used to predict the cogging
force using the same intervals that would be employed in the equivalent static experimental
test discussed later in section 6.4, allowing a fair comparison to be made between these
results. The greatest benefit of FEA is that it solves the magnetic and the electrical circuits
simultaneously, evaluating electrical variables such as currents, voltages and powers, as well
as magnetic forces and flux distribution. Therefore, the effect of small design changes on the
overall performance can be observed with high accuracy. The materials selected within the
software are listed in Table 3.2
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Table 3. 2: Materials assigned in FEA model

Item Material

Permanent magnet Neodymium Iron Boron: 38/15
coil Copper: 92% IACS
Lamination steel M270-35A

3.5 Mesh Sensitivity

Prior to using FEA for detailed design, it is necessary to verify the sensitivity of the
solution to the mesh size. FEA splits the model into a fine mesh of elements. These elements
are usually of first or second order tetrahedrons with their specific set of equations that once
solved provide the solution of the magnetic fields in the model.

In this thesis, the initial analysis are performed based on FEA solutions, the accuracy of
which can be affected by the mesh size, particularly within regions where flux lines change
direction rapidly, such as in the airgap of the machine. This is due to the rapid changes in the
magnetic field and stored energies. However, a fine mesh comes at the cost of longer
computation time. Consequently, the mesh of the FEA solution should be within sensible
limits to give a valid solution.

A mesh sensitivity analysis was carried out in which the mesh size was minimised until
very small alteration in d-axis flux or peak force occurred because of finer mesh i.e. less than
1%. A further reduction in the mesh size can lead to a significant increase in the computation
time with a negligible improvement in accuracy of the results.

The airgap of the machine is considered as the crucial region where mesh refinement
would have the major impact as most energy is stored there and field alters orientation the
most. For this reason, the mesh of the airgap was considerably denser than other regions in
the machine. The maximum element size in the airgap was limited to 0.5mm, compared to
3mm in other parts of the model.

The airgap was divided into four segments as conducted in [49] and shown in Figure 3.4.
These were called stator air box, stator remesh, translator air box and translator remesh. The
translator and stator air boxes extend into the airgap by 0.25mm, corresponding to % of the airgap
length to make sure that they clear any stator or rotor components that have acute angled edges.

This is important as very high errors in the field are more likely to be occurred in these areas.
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The force calculated in MagNet™ based on the Maxwell Stress method along a surface
with such field irregularities would lead to an extremely inexact calculation [104]. Therefore,
by expanding the translator and stator air boxes into the airgap and allocating a material
called virtual air in MagNet™, the problem caused by the field errors at component edges

can be removed. This is known as a virtual air shell [104].
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Figure 3. 4: Generated mesh for the proposed IMCP machine

3.6 Investigation of the C-core IMCP Machine

In this section, the C-core IMCP machine is investigated for improving its

electromagnetic performance.

3.6.1 PM thickness

PM thickness which is a key parameter was optimised for the optimal thrust force. Figure
3.5 shows the variation of the thrust force with respect to the PM thickness. It can be observed
that as the PM thickness increases the thrust force increases rapidly and then slowly until
6mm, after that the thrust force gradually drops due to the effect of magnetic saturation

within the ferromagnetic poles. Therefore, the PM thickness was selected to be 6mm.
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Figure 3. 5: The effect of PM thickness on the thrust force

3.6.2 Translator Tooth Tip

The machine characteristics of the C-core IMCP machine can be influenced by the
parameters of the translator tooth such as Ciip and Croot, Which are defined as ratios of the
width of the translator tooth tip Wsp and the width of the translator tooth root Weeot to the
translator tooth pitch as demonstrated in Figure 3.6. Tapering the translator teeth has been
adopted in several studies [97], showing that this technique can improve the airgap flux
density as well as reducing the translator mass. The response of the thrust force with respect
to the Ciip is illustrated in Figure 3.7, while the impact of Croot is negligible as validated in
the equivalent study [97]. It can be seen that the thrust force gradually increases and then
decreases as the Ciip decreases. The reason for the drop is that the tooth tip gets smaller and
the flux is compressed as the area of the flux path is constrained to the tooth tip when the
flux travels towards the stator, and the iron saturates. The maximum thrust force occurs when

the Ciip is 0.33 so this value was selected.
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Figure 3. 6: Module of translator
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Figure 3. 7: The effect of Ciip ratio on the thrust force

3.6.3 Ferromagnetic Pole Ratio

Originally reported in [98], a thorough design study has been carried out. For example,
Figure 3.8 shows a tapered and straight version of the soft magnetic poles in a stator with
fixed pole pitch. The ferromagnetic pole ratio Fyr, is defined as the ratio of the width of the
ferromagnetic pole tip to the translator tooth pitch. Figure 3.9 shows the effect of varying
ferromagnetic pole ratio on the thrust and cogging forces [51]. It can be seen that the highest
thrust force can be achieved when Fpr is 0.33, while the minimum cogging force occurs when

Fpr is 0.39. However, 0.33 was selected as the best trade-off, being a balance between the
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reduction in leakage due to the introduction of tapering, and the tooth-tips starting to saturate

at low Fpr.
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Figure 3. 8: Module of stator tooth (a) straight teeth (b) tapered teeth
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Figure 3. 9: Variation of the thrust and cogging forces with respect to Fpr
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3.6.4 Thickness of the Translator Coreback

In this C-core IMCP machine configuration, the majority of the useful flux travels
straight through the translator teeth allowing the translator coreback to be designed at the
minimum possible thickness. The translator coreback was optimised for optimal thrust force
and minimum cogging force. The thickness of the translator coreback was varied from 50mm
to 10mm, while the translator tooth height was kept constant, 10mm. Figure 3.10 shows the
variation of the cogging and thrust forces with respect to the thickness of the translator
coreback. It can be seen that at 10mm the effect on the cogging force is negligible, while the
thrust force was increased by 9% compared to 50mm. This gives an indication of the
possibility of reducing the weight of the translator without sacrificing the machine
performance. Therefore, 10mm was selected which is also corresponding to the translator
tooth width.
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Figure 3. 10: Variation of the thrust and cogging forces with respect to the translator coreback

47



Chapter 3 Development of the Linear Vernier Hybrid Machine

3.7 Performance Comparison between the C-core Baseline LVHM and
the C-core IMCP Machine

To investigate the characteristics of the C-core IMCP machine, the baseline LVHPM

machine is also analysed and compared with the former one based on FEA.

3.7.1 Flux Linkage and Back EMF

Figure 3.11 compares the no-load flux linkage waveforms for the C-core IMCP machine
and the baseline LVHM. It can be seen that the C-core IMCP machine offers 50% higher
flux linkage than that of the baseline LVHM. This is attributable to the reduction in the
leakage flux due to the use of the tapered ferromagnetic poles. In addition, the induced no-
load back EMF is also greater under the same number of turns of the armature winding and
speed condition as shown in Figure 3.12. The generated open-circuit back EMF at rated
speed is 138V and 241V for the baseline LVHM and C-core IMCP machine respectively.
Hence, a 75% higher no-load back EMF is produced by the C-core IMCP using only 50% of
the PM material. As can be seen in Figure 3.11 the flux linkage waveforms for the C-core
IMCP machine are symmetrical, balanced and sinusoidal resulting in sinusoidal no-load back
EMF which would improve the converter performance and hence the system efficiency. The
induced back EMF can be defined as:

ay ay d ay
EMF="Z2=2"2Z_22 (3.5)
dt dx dt dx

Where x is the translator displacement, v is the mechanical speed, ¥n is the flux linkage

produced by the PMs only.
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Figure 3. 11: Comparison of no-load flux linkage (a) baseline LVHM, (b) C-core IMCP machine
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Figure 3. 12: Comparison of no-load back EMF (a) baseline LVHM, (b) C-core IMCP machine
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3.7.2 Force Capablity

Figure 3.13 compares the thrust force performance for both C-core IMCP machine
and baseline LVHM under the same armature current. The applied current is assumed
to be sinusoidal which smooths the obtained thrust force waveforms. When both machines
operate at the same speed and electrical loading, the C-core IMCP machine offers 50%
extra thrust force. It can be also observed that the proposed C-core IMCP exhibits only
4% force ripple with respect to the average thrust, while 38% force ripple is shown in
the baseline LVHM. In this research, the ratio of the peak to peak force to the average

force is defined as force ripple which can be expressed as:

Fnax — Fomi
Fripple = ”“"‘Tgm”’mm% (3.6)

where Fmax, Fmin and Fayg are the maximum value, minimum value and average value of the

thrust force, respectively.
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Figure 3. 13: Comparison of thrust force (a) baseline LVHM, (b) C-core IMCP machine
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Figure 3.14 illustrates the average thrust force characteristics of the baseline LVHM
and C-core IMCP machine with respect to the applied current. The armature current is
assumed to be sinusoidal and applied in phase with the no-load back EMF. It can be seen
that in the baseline LVHM machine as current increases, the average thrust force increases
almost linearly. However, in the C-core IMCP machine saturation can be seen to start when
the applied current exceeds the rated value, as the consequent pole structure gives a reduced
magnetic airgap to the coil driven flux. It should be indicated that the baseline LVHM has

better overloading capability.

--=-C-core IMCP ——Baseline

Thrust Force [N

0 4 8 12 16
Current (RMS) [A]

Figure 3. 14: Comparison of thrust force capability (a) baseline LVHM, (b) C-core IMCP machine

In order to assess the cost effectiveness of the force generation of the C-core IMCP
machine, the average thrust force per magnet mass for both designs was calculated. It
confirms that the C-core IMCP machine is capable of force density of 1.59kN/kg compared
to 0.53kN/kg achieved by the baseline one, i.e. a 200% higher force density as calculated
using (4.7). In fact the implementation of the tapered ferromagnetic poles in the C-core IMCP
machine reduces the effective airgap, and hence the equivalent magnetic reluctance is much

less than that of the baseline LVHM machine. Consequently, the power density can be
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significantly improved by the C-core IMCP machine as validated in an equivalent study in

[97]. The thrust force density has been also calculated based on the following expression:

~

avg

Fd =

(3.7)

3.7.3 Cogging Force

In literature [97, 99, 100, 105, 106], it has been proven that using a consequent pole
structure can significantly reduce the undesirable cogging force. Minimizing cogging force
is a beneficial requirement for PM machine design for DD-WECs. Figure 3.15 depicts the
cogging force waveforms for both the baseline L\VHM and C-core IMCP machine. It can be
seen that the peak to peak cogging force of the C-core IMCP machine is 191N which
represents only 6.2% of the rated thrust force, while the peak to peak cogging force of the
baseline LVHM is 782.6N. Which means, the C-core IMCP machine exhibits 75.6% much
smaller cogging force than that of the baseline L\VVHM, hence smoother thrust force is offered

by the former machine, particularly at low speed operations.
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Figure 3. 15: Comparison of cogging force (a) baseline LVHM, (b) C-core IMCP machine
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3.7.4 Power Factor

LVHM machines are similar to other variable reluctance machines where the poor power
factor is considered as a critical problem [61]. Although a double amount of PM material
was utilized in the baseline LVHM compared with C-core IMCP machine, its operating
power factor is relatively low, ~ 0.35. This is mainly caused by the excessive leakage
between the adjacent magnets. In the C-core IMCP machine the consequent poles are
employed which also affect the PF by reducing the leakage flux. In addition, using
trapezoidal translator teeth would vary the field distribution very slightly in the airgap but
would allow much flux to be directed to the airgap before saturation happens leading to an
increase in the airgap flux density. The adoption of the tapered ferromagnetic poles in the C-
core IMCP machine would contribute to further reduction in the fringing flux. Hence, the
power factor of the C-core IMCP machine can achieve 0.48, which is 37% higher than that

of the baseline.

3.8 Machine Layout Development

The C-core IMCP with modular stator structure discussed above has been proposed for
low speed high thrust force applications in [2, 96] and analysed in [95]. However, this type
of machine requires a set of individual units to form a three phase machine, e.g. three units
with different number of components are required for a single-sided machine [96] or double-
sided machine [98].

In this research, it will be shown how the decoupled C-core topology can be modified
to form a new version of LVHM that will be known as an E-core topology [107]. As
presented by the author in [107], the E-core topology can achieve higher no-load back EMF
compared to the C-core machine, whilst reducing the number of parts used in the construction
of the machine.

Figure 3.16 shows the C-core IMCP machine initially proposed by the author in [2] and
developed in [98, 108, 109]. Three separate C-core units of the IMCP machine have been
integrated together to make a three phase integrated machine that reduces the active volume,
whilst increasing the robustness and mechanical stability—Figure 3.17(a). After FEA
simulation, magnetic flux distribution shows that the integrated C-core design act as two
separate E-cores as verified in Figure 3.17(b). So the integrated C-core design is initially
converted into two isolated sets of E-core models —Figure 3.18 (a). Another advantage of
isolating two E-cores is a reduction in stator volume by eliminating the interconnection iron,

which does not provide a useful flux path as verified in Figure 3.18(b). The neighbouring E-
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cores are mechanically shifted by180 electrical degrees and the combined cogging forces of
two adjacent sets of E-cores is much less than each of them individually [107]. The resultant
lower cogging and force ripple would therefore improve the performance of the machine.
From the aforementioned analysis it can be concluded that the 6 toothed machine
behaves as two 3 toothed E-core machines. This gives an indication of the possibility of
simplifying the construction by reducing the machine active parts, e.g. number of stator
components. Which means, one individual unit of the E-core structure can be used in the
final design, in which two identical E-cores facing each other as shown later in Figure 3.20.
In addition, the total machine active mass can be reduced by 7% due to the elimination of
the laminated iron bridge linking the two adjacent E-cores and the reduction in the machine

active length.

3.9 Comparison between C-core and E-core IMCP Machines

This section aims to make a performance comparison between the C-core and the E-core
IMCP machines. Table 3.3 compares and summarises the two machines in terms of
performance. It can be concluded that the E-core IMCP machine offers higher no-load flux
linkage, back EMF, force and force per machine mass owing to the reduction in the active
materials. Although the E-core IMCP machine exhibits 3.6% higher cogging force, this
disadvantage being offset by a 4% improvement in the power factor, 18.5% reduction in the
overall mass and 12.3% reduction in the active length of the E-core IMCP machine. Further
to this, the structure of this machine would significantly contribute to facilitating the
manufacturing and assembly processes. Therefore, the E-core IMCP machine is the most

promising design for further development.
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(a)

Figure 3. 16: C-core IMCP (a) configuration (b) flux distribution

Figure 3. 17: Integrated 3-phae E-core IMCP (a) configuration (b) flux distribution
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Figure 3. 18: E-core IMCP (a) configuration (b) flux distribution

Table 3. 3: Performance comparison of baseline LVHM and C-core IMCP machine

Item C-core E-core  Difference %
No-load flux linkage [Wb] 0.72 0.76 5.5
No-load back EMF [V] 241 250 3.7
Cogging force [N] 191 198 3.6
Thrust force [N] 3046 3087 1.3
Force/ PM mass [kKN/kg] 1.59 1.61 1.3
Force/ active machine mass [KN/kg] 0.6 0.74 23

PF 0.48 0.5 4

3.10 Final IMCP Machine

In this section, the E-core IMCP machine described above was further investigated for

the purpose of facilitating the manufacturing and assembly process.
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3.10.1 Impact of Number of PM Pole Pairs

In PM machines, to obtain a low speed operation, a suitable number of PM pole pairs is
favourable to produce a voltage with an appropriate magnitude and frequency. When the
velocity and active length are held constant, a larger number of pole pairs can lead to an
increased rate of change of flux linkage, and thus a higher induced back EMF. However, as
the number of pole pairs is increased, pole size decreases and the resultant leakage and
fringing flux may influence the energy density [110]. When the primary length is given, a
higher number of pole pairs requires a small pole pitch resulting in a significant pole-to-pole
leakage flux.

The flux distribution under different number of pole pairs is shown in Figure 3.19. It can
be seen that when the number of pole pairs is high, a rapid rate of change of the flux linkage
can be achieved, thus providing magnetic gearing effect. However, a small amount of the
effective flux links the coil and more pole-to-pole leakage flux occurs. On contrary, when

the number of pole pairs is small, a large amount of flux links the phase winding. However,
: : : : ay .
this negatively affects the feature of the magnetic gearing as pralll reduced. After FEA

investigation of the proposed IMCP machine, the convenient number of pole pairs per tooth

is 3, which agreed with the similar investigation conducted in [110].

57



Chapter 3 Development of the Linear Vernier Hybrid Machine

Shaded Plot
|B| smoothed
2:0ms

2
16
2 12
| 03
= 0.4
0

58



Chapter 3 Development of the Linear Vernier Hybrid Machine

Shaded Plot
1Bl smoothed

(b)

Figure 3. 19: The effect of varying the number of PM pole pairs on the flux distribution (a) 2 PM
pole pairs (b) 4 PM pole pairs

3.10.2 Description of the Proposed Final IMCP Machine

Figure 3.20 shows the structure of the proposed Final IMCP machine in which the stator
is formed of double-sided E-shaped laminated iron cores with a coil wrapped around each
stator tooth. Each stator tooth is provided with three ferromagnetic poles and has three PMs
mounted on its surface. Tapered ferromagnetic poles [51, 111] are adopted in the proposed
design where one polarity of PM is replaced with a piece of iron — the consequent pole.
Which means, this configuration has one polarity of PM in each stator side (either north or
south), while the tapered ferromagnetic poles act as the missing polarities. The tapered
ferromagnetic poles are the most distinctive feature of the present machine, which will be
discussed in more details in section 3.10.4.2. Moreover, in order to obtain the three phase

machine, the mechanical displacement Dt between adjacent stator teeth should satisfy

Dst = (n £1/3)1 (3.8)
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Figure 3. 20: Configuration of the proposed IMCP machine

The specifications of the proposed IMCP machines are listed in Table 3.4.

Table 3. 4: Specifications of the proposed IMCP machine

Item Unit Value
Rated speed m/s 1.2
Number of PMs mm 18
Airgap length mm 1
PM width mm 12
PM thickness mm 6
Ferromagnetic pole width mm 12
width of Ferromagnetic pole tip mm 8
Stack length mm 50
Mover tooth height mm 10
PM volume cm?® 64.8
Number of turns/coil turn 112
Force kN 0.77
Power kw 0.924
Current density (RMS) A/mm? 3.5
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3.10.3 Operation Principle

The proposed IMCP operates upon the same operation principle of the flux reversal PM
machine [96]. Taking phase B as an example, when the translator teeth are aligned with PMs
of the middle top stator tooth as shown in Figure 3.21(a), the flux linkage produced by phase
B winding reaches its maximum negative value, while the phase back EMF is zero. However,
as the translator moves a quarter of its tooth pitch, corresponding to 6mm, the flux linkage
becomes zero as illustrated in Figure 3.21(b), while the phase back EMF is positive
maximum. Again, when the translator moves half of its tooth pitch, the flux is reversed and
reaches the maximum positive value as shown in Figure 3.21(c), while the phase back EMF
drops to zero. As the translator moves three quarters of its tooth pitch, the flux linkage is
zero as shown in Figure 3.21(d), while the back EMF reaches its maximum negative. Further
displacement of one quarter of the translator tooth pitch will allow both the flux linkage and
back EMF to complete their full electrical cycles. Consequently, the flux linkage can be
rapidly changed over a small translator displacement leading to a significant increase in the

thrust force density, hence achieving the magnetic gearing effect [96].

(b)
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Figure 3. 21: Operation principle at different translator positions. (a) Position a. (b) Position b. (c)
Position c. (d) Position d.
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Figure 3.22 demonstrates the magnetic gearing effect in the proposed IMCP machine. It can
be observed that the flux distribution changes 120 electrical degrees, while the translator

moves only 8mm, corresponding to one third of the translator tooth pitch.

Figure 3. 22: No-load field distribution (a) x= 0, (b) x= 8mm

3.10.4 Investigation of the Final IMCP Machine

The influence of different parameters on the machine performance is studied in this section.
To begin with, the stator geometry is kept constant while the magnet thicknesses is varied. This
parameter is then kept constant, while the influence of some key geometry parameters such as
PM width, ferromagnetic pole ratio, translator tooth width, translator tooth tip ratio, airgap

length, are also optimized in this research.

3.10.4.1 PM thickness
In literature [97, 99], it has been reported that the PM thickness can significantly

influence the machine performance. The variation of the thrust force versus PM thickness is
plotted in Figure 3.23. Two key factors were considered during this investigation; e.g. the
accidental irreversible demagnetization, which requires the PMs to be thick enough, and the
saturation effect, which may occur within the ferromagnetic poles as a result of thicker PM.
In this research, the PM thickness was varied from 2.5mm to 7mm. It can be seen from the
above-mentioned Figure that thrust force increases with magnet thickness and then appears
to reduce above 6mm. This feature is quite different from that of conventional PM machines
due to the fact that the greater the PM thickness is, the higher the PM flux density is.
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However, the flux modulation effect of the translator teeth on the airgap flux density
distribution would be negatively influenced [99]. In addition, the presence of the magnetic
saturation within the ferromagnetic poles can affect the thrust force. The average thrust force

is maximum when the PM thickness is 6mm. Therefore, the PM width 6mm was selected.
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Figure 3. 23: Variation of thrust force with respect to the magnet thickness

3.10.4.2 Ferromagnetic Pole Ratio

Tapered ferromagnetic poles are adopted in the proposed IMCP machine, which act as
the missing polarity. Therefore, it is worth to optimise the ferromagnetic pole ratio Fyr, which
is defined as the ratio of the ferromagnetic pole tip to the translator tooth pitch, identified in
Figure 3.24. A proper selection of this ratio would contribute to a noticeable reduction of the
undesirable harmonics such as 5™ harmonic resulting in approximately sinusoidal no-load
back EMF waveforms. In addition, since the no-load back EMF waveforms are close to
sinusoidal, the peak to peak amplitude of cogging force is reduced.

Figure 3.25 shows the effect of varying ferromagnetic pole ratio on the thrust force and

cogging force. It can be seen that the highest thrust force can be achieved when Fpris 0.33,
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while the minimum cogging force occurs when Fpris 0.29. However, the Fyr of 0.33 was

selected as the ferromagnetic poles starts to saturate when Fpr is 0.29, which negatively

influenced the thrust force.

Thrust force [N]

780
770
760

~N ~N N~
N WA g
© O OO

710
700
690
680

Ferromagnetic pole tip

L
|

Translator tooth pitch

Figure 3. 24: Module of stator and translator
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Figure 3. 25: The effect of ferromagnetic pole ratio on the thrust force and cogging force
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3.10.4.3 PM Width

Authors [97, 99, 112] have proposed consequent pole Vernier machines with unequal
width of PMs and consequent poles for the purpose of improving the magnetic loading. This
means that the PM width is bigger than pole pitch. The larger the PM width is, the greater
MMF will be produced [97]. However, the tapered ferromagnetic poles are easily saturated,
which can significantly influence the magnitude of the thrust force [99]. Furthermore, as the
tapered ferromagnetic poles [51, 98] are adopted in the proposed design, the PM width is
kept as the same width of the pole pitch, 12mm. The tapered ferromagnetic poles described
in the previous section and analysed in [51, 98] have the feature of reducing the fringing flux,
allowing the main flux to be increased. This indicates that there is no need to increase the
PM width as magnetic loading can be improved by employing the tapered ferromagnetic
poles. Figure 3.26 shows the effect of the PM width on the cogging and thrust forces when
the conventional rectangular consequent poles shown in Figure 3.27(a) are employed. It can
be seen that as the magnet width increases the no-load back EMF and thrust force increase
and then decrease, in which their maximum values occur when PM width is 14mm. By
looking at the magnitude of the no-load back EMF obtained when the PM width is 14mm,
(2mm greater than pole pitch) as shown in Figure 3.27(a) it can be observed that it is very
similar to the magnitude of the back EMF obtained when the tapered ferromagnetic poles
were employed using the initial PM width, 12mm as verified in Figure 3.28. In other words,
tapering the consequent poles is equivalent to increasing the magnet mass by 10.5%.
Furthermore, a trapezoidal waveform of the no-load back EMF obtained when the PM width

is 14mm as verified if Figure 3.28.
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Figure 3. 26: Effect of PM width on the thrust force and cogging force
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Figure 3. 27: Consequent pole (a) rectangular (b) tapered
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Figure 3. 28: No-load back EMF waveform under different PM width

3.10.4.4 Translator Tooth Width

In the VHM proposed in [2] the translator tooth width was designed to be equal to the
pole pitch, 12mm. In this research, the effect of varying the translator tooth width on the
machine performance has been investigated. This may improve the machine performance
and reduce the translator mass. The translator tooth width was varied from 12mm (the initial
width) to 8mm with an interval of 0.5mm. Figure 3.29 shows the variation of the peak no-
load back EMF and cogging force with different translator tooth width. It can be seen that
the thrust force increases gradually as the tooth width getting smaller. However, the cogging
force is minimum when the tooth width is 20mm. Moreover, a negligible increase of the
thrust force is seen when the translator tooth width is smaller than 10mm. Therefore, the
tooth width of 10mm was selected, which would also result in an 8.3% reduction in the

translator mass compared to the initial translator tooth width.
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Figure 3. 29: Effect of translator tooth width on the thrust force and cogging force

3.10.4.5 Translator Tooth Tip

Using trapezoidal translator teeth would vary the field distribution very slightly in the
airgap but would allow much flux to be directed to the airgap before saturation happens
leading to an increase in the airgap flux density [44, 97]. Figure 3.30 shows the effect of
varying Ciip ratio which is identified in section 3.6.2 on the thrust and cogging forces. It can
be seen that the thrust force is maximum when Ciip equals 0.33, (the minimum possible width
of the tooth tip before the saturation starts). On the other hand, while the minimum cogging
occurs when Ciip equals 0.34. However, 0.33 shows the best compromise and hence was

selected.
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Figure 3. 30: Variation of the thrust force and cogging force with respect to the Cip ratio

3.10.4.6 Airgap Length

Airgap is one of the main concerns of electrical machines to realize electromechanical
energy conversion [97]. Hence, airgap length is an essential design parameter for the
proposed IMCP machines. Generally speaking, as the airgap length reduced, the machine
electromagnetic performance improves. However, a small the airgap length may result in
complexity of manufacturing and assembling accuracy.

The airgap size of the proposed IMCP machine has a significant influence on the flux
modulation effect of airgap structures apart from the airgap flux density amplitude.
Therefore, the performances, such as force capability of the proposed IMCP machine are
more sensitive to the airgap length [99]. Figure 3.31 shows the variation of thrust force with
airgap length. It can be seen that the thrust force decreases linearly due to a linear increase
in the airgap reluctance with the airgap length. However, the airgap is selected to be 1mm to

avoid mechanical issues.
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Figure 3. 31: The effect of the airgap length on the thrust force

3.10.5 Armature Winding

The machine has a total of six coils, two per phase. Phases consist of an upper and lower
stator coil connected in series, namely Coil Az, and Az belong to phase A, Coil B1 and B: for
phase B, and coil Cy and C> for phase C. Figure 3.32 shows the winding arrangement for

both top and bottom stators. The coil parameters are summarized in Table 3.5.
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Figure 3. 32: Schematic of armature winding for the upper stator
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Table 3. 5: Slot and coil parameters

Slot area 1000 mm?
Fill factor 35%
Coil cross sectional area 350 mm?
Conductor cross sectional area 1.55 mm?
Conductor diameter 1.4 mm
Number of turns/ coil 224 turns

3.10.6 Initial Performance Analysis
3.10.6.1 No-load Flux Linkage

In order to check the balance of the flux linkages a no-load simulation was carried out.
Figure 3.33 shows the no-load flux linkage waveforms over a full electrical cycle with no
current applied to the coil. It can be seen that the three flux linkage waveforms are very
sinusoidal and are electrically shifted by 120°. This confirms that the displacements between
the stator teeth have given the proper shift between phases

Table 3.6 gives the peak positive and negative values along with the resultant peak to
peak amplitude of the flux linkage for the three phases of the IMCP machine. The peak to
peak amplitude of the middle phase can be seen to be 0.5% higher than that of the other

phases, indicating that the end effect is apparent in the outer two phases.
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Figure 3. 33: Flux linkage waveforms
Table 3. 6: No-load flux linkage
oh Peak positive Peak negative Peak to peak
ase
[mWh] [mWh] amplitude [mWhb]
196 -188 384
B 193 -193 386
188 -196 384

3.10.6.2 Force Capability
The variation of the static DC force over a range of excitation currents is plotted

in Figure 3.34. They are all periodic over the 24mm translator tooth pitch. Currents
of the same value but with reverse orientation would result in curves which are
mirrored about the x axis, or shifted by 180°. Cogging force waveform is seen when
the injected current is zero. This unwanted force is caused by the natural tendency of

the translator teeth to align themselves with the PMs: the position of smallest
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reluctance. It can be seen that the electromagnetic force increases gradually as the
injected DC current increases and the armature flux begins to dominate. More
importantly, the cogging force is more noticeable at lower value of the
electromagnetic force and the armature current. Further investigation on the thrust

force and its ripple will be presented in the proceeding Chapter.
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Figure 3. 34: Variation of the static force with applied DC current

3.10.6.3 Cogging Force

Interaction between the translator teeth and stator PMs would lead to an increase of an
undesirable force component for the machine operation known as cogging force. This force may
contribute to mechanical vibrations that can damage the translator teeth or stator PMs [113],
as well as negatively affect the airgap [114]. In addition, output power variations can be
produced by the cogging because of the resultant variation in velocity of a wave energy
device.

As this IMCP machine is used in a low speed application, it is therefore desirable to
reduce the magnitude of the cogging force with respect to the average force. Minimising the

cogging force would result is a reduction of the mechanical vibration and acoustic noise. It
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was shown in [97-100] that by employing the consequent poles, the cogging torque/ force
can be significantly reduced.

Figure 3.35 shows the cogging force waveform as a function of the translator position.
It can be seen that the peak to peak cogging force is 62N, which represents only 8% of its
average force. This indicates that the IMCP machine is capable of exhibiting lower cogging
force than the baseline design, where PMs are existing in both polarities offering a double

number of low reluctance positions where the translator teeth tend to align.
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Cogging force [N]
o
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Figure 3. 35: Cogging force waveform

3.11 Conclusion

In this Chapter the C-core IMCP machine has been introduced as a developed version
of the baseline LVHM with lower magnet mass. The implementation of the tapered
ferromagnetic poles has been investigated and it has been shown that this technique is
capable of reducing the pole-to-pole leakage flux and enhancing the main flux. Based on
FEA the C-core IMCP machine has been optimised and analysed with the aim of improving

the machine electromagnetic performance. It seems from the FEA simulations that the C-
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core IMCP machine can offer 50% higher thrust force, 37% higher power factor and exhibit
75.6% lower cogging force compared to the baseline LVHM.

The C-core IMCP machine has been further developed and converted to another version
known hence as an E-core IMCP machine to facilitate the mechanical integrity by reducing
the number of active parts, i.e. stator cores and shortening the active length. The results of
the analysis show that the latter machine is capable of delivering 23% higher force per
machine mass owing to an 18.5% saving in the overall mass, indicating that this machine is
the most promising design.

The final IMCP design which has fewer components has been optimised and analysed
for the purpose of further facilitating the manufacturing processes. The FEA simulations
imply that the proposed IMCP machine can offer a simple structure showing that this
machine is suitable for low speed high force applications. This work therefore provides a
foundation for the investigation of modifications to the design and of new machines, which
is the aim of the proceeding Chapter. The following Chapter will also introduce a further
investigation on the IMCP machine including the force density, shear stress, attraction force
and electrical efficiency. To facilitate ease of manufacturing and testing, a small prototype
has been designed and built to validate the predicted results. A deeper discussion of the
machine manufacturing and assembly processes as well as the experimental tests will be

presented in Chapters 5 and 6.
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Chapter 4. New Configurations of Linear Vernier Hybrid
Machine with V-shape Magnets

4.1 Introduction

In this Chapter two novel versions of the LVHM with different magnet configurations
are proposed with the aim of improving the power factor without increasing the magnet
volume, while keeping the cogging force as minimal as possible. The first proposed machine
is an alternative design for the IMCP machine discussed in the previous Chapter
incorporating consequent poles with V-shape PM arrays to provide a flux concentration
effect. The second proposed machine also adopts V-shape PM arrays but is not based on the
consequent pole concept and so includes both polarities of PMs. The concept of using the V-
shape in both machines is to achieve a higher flux density and hence further improving the
power factor. Both proposed machines have been investigated and analysed using the 2D-
FEA. Furthermore, a comparison between the initial IMCP design discussed in Chapter 3
and the two modified designs has been made in terms of the electromagnetic performance
and electrical power factor. Considering the complexity of manufacturing and the associated
costs, one of the two proposed machines has been selected later to be constructed in the

laboratory.

4.2Power Factor Improvement in the VHMSs

One method of improving power factor is to increase magnetic loading, and reduce
electric loading. Magnetic loading can be increased by exploiting flux concentration effect
[48], for example, by splitting pole magnets into a V' — shape. The use of conventional V-
shape PM arrays in rotary VHM has been proposed in [115, 116], and for the linear version
with magnets mounted in the stator [117]. However, the use of the V-shape PM arrays
without iron ribs discussed in section 4.3.2 has not been reported elsewhere in either rotary
or linear machines.

As the V-shaped magnet arrays are adopted in both proposed LVHMSs, which will be
described in depth in sections 4.3 and 4.4. The flux can be concentrated in the triangular
spacers between each pair of magnets offering higher flux densities than is possible in the
IMCP machine discussed in Chapter 3, which in turn contributes to the power factor

improvement [48, 118].
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Authors [48, 118, 119] have shown that the power factor of the VHM can be improved

by either reducing the inductance or by increasing the PM flux linkage.

4.3V-shape Consequent Pole (VCP) Topology

4.3.1 Machine Configuration

The proposed VCP machine has the same structure of the IMCP machine shown in
Figure 4.1(a), with different magnet arrangement. The individual magnet segments adopted
in the IMCP machine are split into a VV-shape configuration as shown in Figure 4.1 (b).
Magnet flux is channelled by a triangular pole piece, which is glued in place without the
need for iron ribs, as has been proposed in rotary machines [120]. As for previous machine,
the translator which is inserted between both stator sides is constructed as a simple laminated

iron core with salient teeth offering a rigid structure to deliver high thrust force.

stator

e

coil
Consequent pole

translator
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Consequent pole ‘ coil

translator
V-shape PM array

Figure 4. 1: Machine configuration (a) IMCP machine (b) VCP machine

4.3.2 Modified V-shape PM Arrays

The conventional V-shape structure normally has small iron ribs (which is also known
as iron bridges) to hold the triangular-shaped spacers located between each pair of magnets
as shown in Figure 4.2 (a). These small pieces are to provide the required mechanical
stiffness against any force applied to the stator [120]. However, the conventional V-shape
PM array has four flux leakage paths per pole, which allow the flux to be circulated around
the magnets’ edge as highlighted in Figure 4.2 (a). Furthermore, in the same Figure a very
high level of magnetic saturation is seen within the iron ribs, which may contribute to a
reduction in the thrust force and worsening the force ripple. This undesirable phaenomenon
also occurs in the existing linear Vernier machine, as that proposed in [117] and verified in
Figure 4.3.

In this research, these iron ribs were removed and the triangular-shaped spacers were
glued to the magnets. The result is the absence of the four leakage paths as shown in Figure
4.2 (b), leading to an increase in the thrust force by 17%. It should be indicated that this
structure has been used in both proposed V-shape topologies covered in this Chapter.
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Figure 4. 2: V-shape PM array structure (a) with ribs (b) without ribs

Figure 4. 3: The effect of iron ribs in the linear Vernier machine proposed in [117]

4.3.3 Design Investigation

This section provides an overall description of the design procedures used to achieve the
optimum thrust force in the proposed VCP machine. Authors [99] and [97] reported that in
consequent pole machines the magnet pitch can be larger than the pole pitch, leading to an
increase in magnetic loading. In this study, in order to allow more room for assembling the
V-shape PM arrays, the magnet pole span was designed to be bigger than pole pitch as
illustrated in Figure 4.4. To determine the optimal magnet span, the magnet span ratio (msr),
which is defined as the ratio of magnet span (ms) to the width of the stator tooth shoe (Wsts)
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was investigated in terms of the maximum thrust force. The optimal magnets position that
can provide the flux concentration effect is shown in Figure 4.5, in which the maximum
achievable thrust force occurs. In Figure 4.6 (a), it can be seen when the mgr = 0.18 the
triangle iron spacers became smaller and get saturated as a result. On the other hand, when
the msr = 0.24 the magnetic saturation was seen within consequent poles as shown in Figure
4.6. (b). It is worth mentioning that maximizing magnet span ratio msr gives larger iron
triangular spacers between each pair of magnets, which the author believe has advantages in
the machine assembly. However, due to the saturation limitations in either the triangular

piece or the consequent pole, the ratio of 0.22 was found as the most suitable option.

Stator tooth width (W)

1
1
|
' magnet span (m.) '

Figure 4. 4: Geometrical parameters for VCP machine
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Figure 4. 5: The effect of the magnet span ration on the thrust force
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Figure 4. 6: Saturation effect (a) Msr=0.18 and (b) Msr = 0.24

The design study was conducted using 2D-FEA with the main parameters fixed as
discussed in Table 4.1. Current density was assumed to be 3.5 A/mm? RMS, and magnet
mass was held constant.

Other key geometry parameters identified in Figure 4.4 were investigated including the
angle between the two segments of PMs (the V-angle (o)), the PM width and the PM
thickness. In total, six variants of the PM dimensions, all with a fixed volume, are shown in
Figure 4.7 and described in Table 4.1. They were analysed in terms of the optimal average
thrust force and minimum peak to peak cogging force. Figure 4.8 compares the performance
of all six designs. It can be deduced that design A can offer the highest average thrust force,
while it exhibits the minimum cogging force. Due to the fixed magnet mass, the VV-angle is
forced to reduce in designs B-E which, which in turn can lead to more saturated circuit in
laminated triangles. In other words, as the laminated triangles get smaller, more magnetic
saturation can occur resulting in a reduced thrust force. Therefore, design A was taken

forward and compared to the IMCP topology.
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Figure 4. 7: Different designs with different PM dimensions and fixed PM volume for VCP
machine
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Table 4. 1: PM dimensions and V-angle for the six designs

Design type A B C D E F
PM width [mm] 12 10 9 8 75 6
PM thickness [mm] 3 3.6 4 4.5 4.8 6
PM volume [cm?] 64.8 64.8 64.8 64.8 64.8 64.8
V-angle [degree] 52.5 58.1 59.6 61.8 62.8 50.8

mm Thrust force [N] = Cogging force [N]
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Figure 4. 8: Variation of the thrust force and cogging force with respect to the design type

4.3.4 Validation of the VCP Machine

In this section, the balance of the no-load flux linages is checked with no current applied
to the coils. The no-load flux linkage characteristics were predicted by a transient FEA
simulation for one translator pitch. Figure 4.9 shows the variation of the flux linking the three
phase coils over a full electrical cycle, where the waveforms of the three phases are shifted
by 120°. It can be also seen that the waveforms are sinusoidal, which is attributable to the

near absence of the 5" and 7" harmonics as verified in Figure 4.10.
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Figure 4. 9: No-load flux linkage waveforms over an electrical cycle
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Figure 4. 10: No-load flux linkage harmonic spectrum

Table 4.2 gives the peak positive and negative values along with the resultant peak to
peak amplitude of the flux linkage for the three phases of the proposed VCP machine. The
peak to peak amplitude of the middle phase can be seen to be 0.9% higher than that of the

other phases, as the end effect reduces the flux in the outer two phases.
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Table 4. 2: Flux linkage for the VCP machine

Phase Peak positive Peak negative Peak to peak
[mWh] [mWhb] amplitude [mWhb]
225 -227 452
B 229 -228 456
226 -225 452

4.4 VV-shape Topology

In this section, the V-shape topology is further investigated in terms of the power factor
improvement. The developed version of the VV-shape machine copies the same specifications
of the two machines discussed earlier except the magnet arrangement, in which the V-shape
PM arrays are employed in both polarities, north and south. A comparison between both V-

shape topologies and the IMCP machine will be carried out later in this Chapter.

4.4.1 Machine Configuration

In the baseline LVHM discussed in Chapter 3, the use of alternating polarity highly
contributes to the leakage flux, which influences the machine electromagnetic performance
and its electrical power factor. Although the consequent pole topologies were proposed to
reduce the leakage flux and improve the magnet utilisation, these topologies still suffer from
some leakage flux [103]. However, in the proposed V-shape machine shown in Figure 4.11,
the V-shape PM arrays are employed in both polarities allowing the flux to be concentrated
in the triangular-shaped iron spacers located between each pair of magnets, which in turn

improves the airgap flux density.

84



Chapter 4  New Configurations of Linear Vernier Hybrid Machine with V-shape Magnets

Figure 4. 11: V-shape machine configuration

The difference between this topology and the VCP machine described early in section
4.3 is the substitution of the consequent poles with V-shape magnet arrays. Which means,
both polarities provides the flux concentration effect offering a significant improvement of
the airgap flux density, and hence the power factor. However, as the magnet mass was held

constant, the number of magnets is doubled.

4.4.2 Machine Invistigation

In order to obtain a fair comparison between the three machines, the key parameters
are kept the same in all the three machines. These include the machine volume, rated speed
and current density. The pole pitch and magnet volume are also fixed in the V-shape machine
as the magnet V-angle (o) and magnet dimensions were optimised based on these constraints.
The optimization of the magnet thickness, magnet width and V-angle (identified in Figure
4.12) is conducted in this section to achieve the optimum thrust force and minimum cogging
force. Four designs shown in Figure 4.13, with different PM dimensions as illustrated in
Table 4.3 were analysed and the thrust force was calculated as summarised in Figure 4.14.
From the obtained results it can be seen that the highest thrust force can be achieved by
design B, followed by design A, with a 2.5% lower thrust force. However, the design B
produces a 125% higher cogging force compared to that of the design A. Therefore, the
design A was selected instead.
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Figure 4. 13: Different designs with different PM dimensions and fixed PM volume for V-shape
machine

Table 4. 3: PM dimensions and V-angle for the four designs

Design type A B C D
PM width [mm] 9 7.5 6

PM thickness [mm] 2 24 3 3.6
a [degree] 55.4 63.2 70.2 77.4
PM mass [kg] 0.48 0.48 0.48 0.48
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Figure 4. 14: Variation of the thrust and cogging forces with respect to the design type

4.5 Performance Comparison

In this section, a comparison between the three developed machines discussed in
Chapters 3 and 4 is made. These machines are the IMCP, VCP and V-shape machines.
The comparison is carried out based on the 2D-FEA to evaluate the electromagnetic
performance and the operating power factor. The comparison considers the following
aspects:

1. No-load airgap flux density
No-load flux linkage
No-load back EMF and harmonics
Force and force ripple
Force capability
Cogging force
Inductance

Losses and efficiency

© 0o N o gk~ w DN

Mass
10. Attraction force

11. Power factor
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4.5.1 Airgap Flux Density and Flux Density Distribution

The no-load airgap flux density is calculated based on the 2D-FEA in order to verify
performances of the three proposed machines. Figure 4.15 illustrates the radial component
of the airgap flux density distributions within the upper airgap under a single stator tooth for
PM excitation only. As can be seen in this Figure, the highest airgap flux density can be
achieved by the V-shape machine with the peak value of 1.22T, followed by 1.1T achieved
by the VCP machine, while the IMCP machines has the lowest airgap flux density of 0.85T.
These results indicate that the flux concentration effect significantly contributed to an
improvement of 43.5% and 29.4% of the no-load airgap flux density in the proposed V-shape
and VCP machines, respectively, in comparison with the IMCP machine. It should be noted
that more flux concentration effect was provided by the V-shape machine compared to the
VCP machine, which can be attributed to the adoption of the V-shaped PM arrays in both
polarities.

Magnetic flux plots of the three investigated machines (IMCP, VCP and V-shape) are
shown in Figure 4.16 (a), (b) and (c), respectively, where it is noticed that the highest flux
density distribution is exhibited by the V-shape machine followed by the VCP machine,
while the lowest flux density distribution is seen in the IMCP machine, which confirms the
effective magnet utilisation in the two former machines. From the Figure it can be also seen
the effect of flux concentration within the triangle iron spacers in both the V-shape and VCP

machines.
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Figure 4. 15: No-load airgap flux density under one stator tooth for the three machines
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Figure 4. 16: No-load flux density plot (a) IMCP (b) VCP and (c) V-shape machines

4.5.2 No-load Flux Linkage

Authors [51, 98, 99] verified that by employing consequent poles, the undesirable
leakage flux can be greatly reduced. Although the tapered ferromagnetic poles described
earlier in Chapter 3 were employed in the IMCP machine, there is still leakage flux travelling
between the PMs and tapered ferromagnetic poles rather than linking the coil. This leakage
can be further reduced in the V-shape and VCP machines, where the natural structure of the
V-shape PM arrays can influence the leakage flux, which in turn enhances the main flux.

The field distribution predicted by the 2D-FEA for the three machines studied here is
plotted in Figure 4.17. From the Figure it is obvious that both V-shape proposed machines
have lower leakage flux than that of the IMCP machine, with a superiority to the V-shape
machine. In addition, the flux concentration in the V-shape machine results in a higher main

flux — thus further reducing the flux leakage as a proportion.
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Figure 4. 17: Effect of machine configuration on the leakage flux and flux linkage (a) IMCP (b)
VCP and (C) V-shape machine

Assuming the same rated speed, number of turns per phase, magnet mass and translator
pitch, Figure 4.18 compares the open-circuit flux linkage waveforms for the three machines.
As expected from the above analysis, the V-shape machine has higher no-load flux linkage

compared to the other machines, while the IMCP machine exhibits the lowest value.
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Figure 4. 18: No-load flux linkage waveforms for the three machines

4.5.3 No-load Back EMF
The induced no-load back EMF for the three machines are analysed and compared as
shown in Figure 4.19 and summarised in Table 4.4. It can be seen that the V-shape machine

produces a higher no-load back EMF for a given speed. In comparison with the IMCP
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machine described in the previous Chapter, this is a 26% and 18% higher back EMF achieved
by the two proposed machines, which adopted the VV-shape PM arrays, i.e. the V-shape and
VCP machines, respectively. More importantly, the no-load back EMF waveforms of the
VCP machine are more sinusoidal than that of the other two machines. In terms of frequency
components, this is seen as a reduction in the 5" harmonic in Figure 4.20. It should be
indicated that the distortion appeared in the waveforms of the no-load back EMF for the V-

shape is manly caused by the increase in the 2", 5" and 7™ harmonics.

Table 4. 4: Comparison of Peak and RMS values of the back EMF

V-shape VCP IMCP
Average peak EMF [V] 78 72 61
Average RMS [V] 52.4 50.3 42.4
Average fundamental EMF [V] 74.3 70.8 59.7
------ Ph. A, IMCP  ----Ph.B,IMCP  ----Ph. C, IMCP
—Ph. A, VCP —Ph. B, VCP —Ph. C, VCP
——Ph. A, V-shape ——Ph. B, V-shape —— Ph. C, V-shape
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Figure 4. 19: No-load back EMF waveforms for the three machines
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Figure 4. 20: No-load back EMF harmonic spectrum

4.5.4 Force Production

A comparison of the thrust force characteristics for the three machines is shown in
Figure 4.21 for a 3.5A/mm? (RMS) current density. As expected, the V-shape machine
produces a 20.5% and 10.5% higher average thrust force compared to that of the VCP and
the IMCP machines, respectively. Hence, the V-shape machine has the highest force density
for the same machine volume. The reason of this improvement in the thrust force generated
by the V-shape machine is the contribution of the significant increase in the magnitude of
the fundamental of the back EMF.

Force ripple was also analysed and compared based on the Equation (5.1). Table 4.5 lists
the thrust forces and the associated force ripple for the three machines. From the Table it can
be observed that the VV-shape machine suffers from greater force ripple, in which the distorted
no-load back EMF waveforms considered as the main contributor to this undesirable
pulsation. The minimum force ripple was obtained by the VCP machine, which reflects the
effect of the sinusoidal back EMF resulted from the near absence of the 7! harmonic and the

significant reduction in 5" harmonic as verified in Figure 4.20.
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Table 4. 5: Comparison of the average thrust force and force ripple

V-shape VCP IMCP
Average thrust force [N] 928 847 770
Force ripple [%] 8.4 7.4 7.8
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Figure 4. 21: Thrust force waveforms for the three machines

4.5.5 Force Capability

By using zero d-axis control, the characteristics of the thrust force with respect to the
applied current for the three designs are compared in Figure 4.22. It can be seen that in all
machines as the armature current increases the thrust force increases linearly until the applied
current reaches its rated value of 11A, after which there is a significant deviation from
linearity at higher currents because of the effect of the magnetic saturation in the iron core.
The results show that the highest force capability can be achieved by the V-shape machine,
while the IMCP machines shows the lowest force capability. The current-force curve of the
VCP machine shows a lower increase in thrust force at high currents due to the magnetic
saturation in the consequent poles. This proves that the V-shape machine has better

overloading capability than that of the VCP machine.

In order to assess the cost effectiveness in terms of the thrust force production of the

three machines per unit of material, force density of the machines was calculated. From the
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results it can be seen that the VV-shape machine is superior to the other machines in terms of
the force density when all machines consume the same amount of the magnet material. This
is a 9.5% and 20.6% higher force density was obtained by V-shape machine compared to the
VCP and IMCP machines, respectively.

The force per magnet volume was also calculated, again the V-shape machine offers
the highest force per magnet volume, while the IMCP machine has the lowest value, which
is lower than that of the former machine by 31.2%. This high force density of both proposed
machines is attributed to following reasons:

1) The magnet utilisation is significantly improved and the magnet flux leakage is reduced
due to the special structure of the V-shape PM arrays.

2) The improvement of the airgap flux density gained from the V-shape PM arrays
structure.

The thrust force per active airgap area, or shear stress for the three machines can be
found using (5.2). The shear stresses for the VV-shape, VCP and IMCP machines are 86kN/m?,
76.6KN/m? and 71.2kN/m?, respectively. Which confirmed the improvement in both
proposed designs which adopted the flux concentration effect (the V-shape and VCP

topologies). Table 4.6 summarises the force production for all three machines.

o= Ll (4.1)
Apg
Where Ay is the airgap active area.
Table 4. 6: Comparison of force density and shear stress

V-shape VCP IMCP
Force/PM mass [KN/kg] 1.93 1.76 1.6
Force/PM volume [KN/m] 1.73 131 1.19
Force/ active machine volume [KN/m?] 454.9 405.4 337.5
Shear stress [KN/m?] 86 76.6 71.2
Force ratio to IMCP machine 1.21 1.1 1
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Figure 4. 22: Force capability for the three machines

4.5.6 Cogging Force

In PM machines, undesirable multiple effects can be produced by cogging force, such
as fluctuations in the output power, velocity and mechanical vibrations, which in turn could
lead to bearing failure. This common phenomenon is caused by the interaction between the
stator PMs and translator teeth. In linear PM machines both slot effect and longitudinal end
effect contribute to cogging force, producing larger cogging force compared to their rotary
counterparts [121]. The cogging force waveforms for the three machines are depicted and
compared in Figure 4.23. It can be seen that the peak to peak magnitude of the cogging force
of the V-shape machine is 47.3% higher than that produced by the VCP machine, and 30.6%
higher than the cogging force value produced by the IMCP machine. The peak to peak values
of the cogging force for the three analysed machines are tabulated in Table 4.7. It can be seen
that the VCP machine produces an 11.3% lower peak to peak cogging force compared to the
IMCP machine. Moreover, the VCP machines has the lowest ratio of the cogging force to
the average force. Once more, this is due to the improved distribution of flux in the airgap in
the VCP machine giving a THD of only 2%.
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Table 4. 7: Comparison of cogging force and cogging force/ thrust force ration

V-shape VCP IMCP
Peak to Peak cogging force [N] 81 55 62
pk-pk cogging/ average force [%] 8.7 7.8 8

---IMCP —VCP  —--V-shape

Cogging force [N]

Translator position [mm]

Figure 4. 23: Cogging force waveforms for the three machines

4.5.7 Inductance

The winding inductance profile plays an important role in the performance of the LVHMS.
Thus, determination of this parameter with a good precision is very important. The winding
inductance can be calculated from the flux linkage (¥dc) according to the following
equation:

¥
I = dc

=T (4.2)

The self-inductances were calculated based on the flux linkage predicted by the FEA.
First, the PMs were replaced with air. Then, taking phase A for example, a DC current with

a value of 11A was applied to phase A, while no current was applied to the other two phases,

97



Chapter 4  New Configurations of Linear Vernier Hybrid Machine with V-shape Magnets

e.g. la=I, Ib=Ic= 0. The variation of the flux linkage with respect to the translator position
for the three machines was found. After that, Equation (5.3) was used to calculate the self-
inductance for the three machines.

The self-inductance inductance waveforms for the three machines are shown in Figure
4.24 (a), (b) and (c). It can be observed that in all the three machines the inductance of the
middle phase (phase B) is higher than that of phases A and C, which reflect the effect of their
high leakage flux. Table 4.8 shows the values of the self-inductances La,Ls and L, which
include the average values of the self-inductance Layg and the peak to peak values of the self-
inductance Lpk-pk. From the results it can be seen that the variation of the self-inductance of
the V-shape machines is smaller than that of the other consequent pole machines. However,
the ripple of all inductances for the three machines with respect to the translator position is

small enough to be ignored.
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Figure 4. 24: Self inductances (a) IMCP (b) VCP and (c) V-shape machine
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Table 4. 8: Comparison of self and mutual inductances

V-shape VCP IMCP
Lavg L pk-pk Lavg L pk-pk Lavg L pk-pk
[mH] [mH] [mH] [mH] [mH] [mH]
La 26.4 0.39 25.3 0.56 24.3 0.54
Lb 29 0.47 27.8 0.53 27.4 0.5
Lc 26.1 0.37 25.2 0.58 24.4 0.62

4.5.8 Losses and Efficiency

The losses and efficiency for the three machines calculated by the FEA are given in this
section. In general, electrical machines losses consist of mechanical losses which require
measurement setup to be determined, copper losses, core losses including translator and
stator losses, and eddy current losses within the PMs. In this research, only the
electromagnetic losses for all designs were investigated.

The losses for all machines at rated load operation and constant speed, i.e. 1.2m/s were
calculated and compared as shown in Figure 4.25. The copper losses are dominant and as all
machines operate with a fixed current density and coil area, it is equal in all three machines.

Iron losses in electrical machines primarily consist of:

e Eddy currents which rise with frequency; they are directly proportional to the
frequency squared.
e Hysteresis losses which are directly proportional to the frequency.
The prediction of the iron losses was conducted through the MagNet™ software, which
uses Steinmetz equation.
Piron= KnfB?+Ke(fB)? (4.3)

Where Ky is hysteresis and K. is eddy current coefficient, f and S represent the frequency and
flux density, respectively. The iron losses for all machines are calculated and compared as shown
in Figure 4.25. It can be seen that the V-shape machine exhibits higher iron losses of 1% and
17% compared to that of the VCP and IMCP machines, respectively. This is attributed to the

improvement of the airgap flux density.
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Since the PMs see a large change in flux, eddy current are induced with them and they
hence suffer from eddy current losses. Eddy currents in the magnets directly lead to a
temperature rise, which in turn can change the operating point of the magnet. Losses in the
magnets are also included in Figure 4.25. It can be observed that the V-shape and VCP
machines have almost the same PM eddy losses with a percentage of 11% compared to the
IMCP machines. This is attributable to the increase in the flux density which again is a result
of the flux concentration effect.

The three machines have different force capability at rated current and hence for a fixed
velocity input have a different output power. Even though the V-shape machine has slightly
higher losses it can still achieve the efficiency of 90.7% compared to 90% and 89.4% were
achieved by the VCP and the IMCP machines, respectively, as illustrated in Figure 4.26. In
fact this is due the increase in the mechanical power in both V-shape and VCP machines.

The electrical efficiency is calculated by:

Pout

| _ o 4.4
Npredicted Pout +Pey +Piron + Peaay 0 (44)

where Piron and Peddy are the iron losses and the PM eddy current losses respectively.

Hm copperloss miron loss m Total losses % PM eddy current loss

100.0 % izz =
% 1:18 %

_ 800 % 1.16 %
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g 600 / 112 >
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| | B
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Figure 4. 25: Losses in the three machines
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Figure 4. 26: Efficiency for the three machines

459 Mass

According to the thrust force analysis conducted in section 4.5.4, it can be concluded
that both proposed V-shape and VCP machines are capable of generating the same force
achieved by the IMCP machine with a shorter axial length, or alternatively for the same
overall volume both the V-shape and VCP machines can produce higher force of 20.5% and
10%, respectively.

To facilitate the manufacturing and assembly processes, a common axial length is
preferred and the latter of these two options was adopted. This contributes to the cost
reduction of the prototypes, in which the most promising machines can share the same
translator. In addition, a fair comparison can be obtained since all machines have the same
dimensions, current density and copper losses.

The mass of active parts for the three machines are compared and presented in Table
4.9. As the same translator is used in all designs the laminations mass of the translator is
constant, as are the magnet and copper masses. A negligible difference is shown between the
three machines in terms of the stator mass, which is resulted from the difference between the

required spaces for the PMs arrangements for each topology.
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Table 4. 9: Mass comparison

Part V-shape VCP IMCP
Laminated stator mass [kg] 7.82 7.77 7.81
Laminated translator mass [kg] 3 3 3
Copper mass [kg] 3.35 3.35 3.35
PM mass [Kg] 0.48 0.48 0.48
Total mass [kg] 14.65 14.6 14.64

4.5.10 Attraction Force

The magnetic force with respect to the unit area between the stator and translator can be
expressed by (5.8),

It is also known as the attraction force or closing airgap force. The manufacturing and
assembling tolerances can lead to a non-uniform airgap, which in turn produces the attraction
force. The resultant force can be 5-10 times the tangential shear stress [73]. The absence of
the iron core in either the stator or translator (usually the part that is stationary) can tackle
this problem as proposed in [95]. However, a significant reduction in the shear stress would
occur as a result.

In order to assess the effect of the attraction force on the three machines, a series of
simulations were conducted. The desired airgap length in both sides of the machine is
identical and equal to 2mm. In this study, the airgap length was varied from 0.1mm to 0.9mm
with a step of 0.1mm to achieve non-uniformity within the two airgaps. It should be noted
that the displacement in one side will result in an equivalent displacement in the other side,
for example, the displacement of 0.1mm means that the airgap length is 0.9mm in one side,
while the airgap length in the other side would be 1.1mm as demonstrated in Figure 4.27.
The three machines were investigated using the same technique. The attraction force was
calculated under a DC current range from -11A to 11A, with an interval of 2.75A. The
resultant attraction forces for the three machine (V-shape, VCP and IMCP machines) are
shown in Figure 4.28 -4.30, respectively. From the graphs it can be seen that for all the three
machines as the airgap displacement increases the attraction force is increased consequently.
It should be indicated that among all these machine the highest values of the attraction force
is felt by the translator of the VV-shape machine when the airgap displacement is 0.9mm, with

the peak value of 4.1kN, while the worst scenario for the same airgap displacement are
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3.92kN and 2.49kN for the VCP and IMCP machines, respectively. This is attributable to the
increase in airgap flux density of the V-shape and VCP machines. This analysis would give
an indication for selecting the suitable bearings and supportive structure, which are capable
of reacting against these potential forces.

AG =0.9mm AG=1.1mm

AG =0.5mm AG =1.5mm

AG displacement=0.1mm AG displacement=0.5mm AG displacement=0.9mm

Figure 4. 27: VCP with different airgap displacements
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IMCP machine, 0.5 displacement
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IMCP machine, 0.1mm displacement
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Figure 4. 28: Attraction force between stator and translator for the IMCP machine (a) 0.1 mm
displacement, (b) 0.5 mm displacement and (c) 0.9 displacement
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VCP machine, 0.9mm displacement
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Figure 4. 29: Attraction force between stator and translator for the VCP machine (a) 0.1 mm
displacement, (b) 0.5 mm displacement and (c) 0.9 displacement
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V-shape machine, 0.9mm displacement
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Figure 4. 30: Attraction force between stator and translator for the V-shape machine (a) 0.1 mm
displacement, (b) 0.5 mm displacement and (c) 0.9 displacement
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4.5.11 Power Factor

The power factor for the three machines was calculated and compared using transient
FEA simulation. The power factor was estimated based on the amplitudes of the values of
the terminal voltage drop and the phase current. For this class of machine, high inductance
is always a factor, and they can only run when connected to a fully rated converter. Assuming
the converter controls the current to be sinusoidal and in phase with the back EMF, and
further assuming the resultant terminal voltage is sinusoidal, the power factor is obtained by
the cosine of the phase angles between them. It was found that the phase angles between
phase current and terminal voltage are 46, 50° and 60° for the V-shape, VCP and IMCP
machines, respectively, meaning that the former machine can achieve a power factor of 0.7
compared with only 0.65 and 0.5 achieved by that of the latter ones, respectively. Thus, it
can be concluded that the flux concentration design not only improves PM utilization but can

also be operated at a higher power factor.

4.6 Selection of Prototype Machines

Based on the aforementioned analysis, the V-shape topology has been shown to offer
the highest shear stress, no-load back EMF, force density, efficiency and power factor.
Which means, a smaller machine would be required to react a given force. However, these
advantages must be offset against the complex structure, high cogging force and force ripple.
In addition, this topology requires double components of that used in the VCP machine, i.e.
double number of PMs and triangle iron spacers, which may affect the construction cost. A
trade off therefore must be made between performance and construction, where the VCP was
selected instead. For comparative purposes the IMCP machine was also selected to be built.

The two candidates represent extremes in terms of magnet consumption and translator
structure, where both machines need only 0.48kg of Nd-Fe-B, yet has a non-uniform cross-
sectional area in the direction of motion. The relative merits of these factors provide the
designer with an interesting choice when selecting a machine topology for wave energy
applications [95]. The manufacturing and assembly process for the two options will be

outlined in detail in the proceeding Chapter.
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4.7 Conclusion

In this Chapter, two versions of the LVHM with V-shape PM arrays have been
developed, analysed and investigated in terms of the power factor improvement. A more in
depth comparison between these machines and the IMCP machine covered in Chapter 3 has
been made based on the electromagnetic and electrical performances. The obtained results
indicated that the V-shape topology is superior to the other machines, in which a higher no-
load back EMF, force density, efficiency and power factor can be achieved by the V-shape
topology. However, this machine was shown to exhibit higher cogging force and require a
double number of PMs and triangular iron spacers than that of the VCP machine, making the
V-shape machine more complex in terms of manufacturing. This is due to the removal of the
iron ribs which influences the triangular iron spacers to be constructed and assembled as
individual parts.

Due to time limitations, it has been decided that the VCP will be built along with the
IMCP for comparative purposes. Even though the V-shape machine has the superiority to
the other machines, consideration has been given to the VCP machine for the following
reasons:

e The VCP has an advantage of a reduced number of components when building the
prototype, i.e. a 50% less number of PMs and triangle iron spacers are required in
the selected topology compared to its V-shape counterpart, which would therefore
facilitate the complex manufacturing processes.

e The cogging force produced by the VCP machines is 32% lower than that of the V-
shape machine.

e The closing airgap force felt by the translator of the VCP machine is 4.4% lower
than that of the V-shape machine.

e The power factor achieved by this machine represents 93% of that obtained by the
V-shape machine.

e The force density is only 8.8% lower than that of the VV-shape machine.

However, the work presented here on VV-shape machine is in the early stages of development
and it would be interesting to verify these results through experiment. Therefore, strong
recommendations and a more formed plan are given of further V-shape research for the next
PhD student.
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Chapter 5. Prototype Manufacturing and Assembly

5.1 Introduction

This Chapter will describe all the manufacturing and assembling processes for the
prototype machines that have been built to validate the simulation results for both machines
analysed and presented in the previous two Chapters. As such it will introduce a new flexible
structure, which allows the mechanical airgap to be adjusted. This structure has two
adjustable aluminium caps, which are used as stator support. Thus, both machines can share
the same stationary aluminium housing frame. Finally, the integration of the test rig and test

machines will also be described later in this Chapter.

5.2 Parameters of Prototypes

The key parameters for both laboratory prototypes are listed in Table 5.1. As described
in Chapters 3 and 4, both machines have the same parameters except the magnet

configurations, while their mass is kept constant.

Table 5. 1: Key parameters for both prototypes

Parameter, unit Topology
IMCP VCP
Stator width [mm] 232 232
Stator tooth width [mm)] 72 72
Stator height [mm] 73 73
Slot width [mm] 54 54
Machine axial length [mm] 50 50
Translator length [mm] 490 490
Translator height [mm] 30 30
Translator tooth height [mm] 10 10
Width of translator tooth root [mm] 10 10
Width of Translator tooth tip [mm] 8 8
Number of turns/ coil [turn] 112 112
Airgap length [mm] 1 1
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5.3 Stator Construction

In order to reduce the iron loss of the machine, the stator is made of laminated electrical
steel sheets to break up the eddy currents paths. Hence, the magnetic field would be allowed
to pass through the material at a non-negligible frequency. Steel sheets with a thickness of
0.35mm were used; made of silicon and bounded by specialist epoxy resin to obtain the
required stack thickness, 50mm. The stacked sheets were exposed to a heat of 160C° for three
hours to cure the epoxy. To achieve high tolerance, the laminations were cut by wire erosion.
It is a very precise method, where less burrs and localised pressure point can be achieved
compared to laser cutting. The DXF format of the CAD drawings shown in Appendix A were
used in the cutting machine to automatically produce the required components. Figure 5.1
shows the laminated stator cores for both machines, inset CP and VCP machines.

For the VCP prototype, the stator structure has the same dimensions of the IMCP
machine. The key difference between the two stators is the magnet arrangement, which
requires 18 small triangular-shaped pieces (iron spacers); made of the same electrical sheets
to obtain the proposed V-shape PM structure. These pieces were attached between each pair
of magnets and glued using an advanced materials epoxy resins & hardeners (ARADUR
5052CH & ARADLDITE LY5052), as described in the specifications of this product in
Appendix B to avoid the failure happed in [122], for example.

(b)

Figure 5. 1: Laminated stators (a) IMCP (b) VCP

5.4 Stator Aluminum Support

Each prototype machine requires two aluminium caps, either the IMCP machine or the
VCP machine as shown in Figure 5.2. These parts are made of aluminium 6082 to

accommodate the stator laminations, PMs and windings in both sides of the machine. Using
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these aluminum caps can provide more flexibility in controlling the airgap length with the
aid of adjustable screws shown later in Figure 5.17. The whole stator core-back was fully
buried into the stator aluminium support as shown in Figure 5.2. Six holes were drilled into
each aluminium cap and fitted by banana plug socket female connectors to provide a path

for the coil terminals.

Figure 5. 2: Stator Aluminium Support

5.5 Winding

Since the tooth shoe is adopted in the stator design for the purpose of reducing the
consumption of the steel material and the machine active length, pre-manufactured bobbin
windings cannot be used in either prototype. Therefore, the coils were manually tightly
wound in layers through the slot opening leading to short end windings. Prior to this step,
the slots were lined with Nomex thermal insulating sheets with a thickness of 0.13mm and
maximum temperature resistance of 205 °C. The edges around the slot opening were covered
with a plastic tape to protect the insulation of the conductor from damage during the coil
winding process. Tufnol sheets with a thickness of 5mm shown in Figure 5.3 (a) and (b),
described in the previous section, were used here to facilitate curving the end-winding and
to protect the conductor from being damaged due to the sharp edges surrounding the stator
tooth. A single strand copper wire illustrated in Figure 5.3 (¢) was used, which has a diameter
of 1.4mm according to the calculation made in section 3.10.5. Each coil has 112 turns with
a thermocouple connected to the middle phases in both sides as shown in Figure 5.3 (d) to
monitor the temperature. The coils were treated with varnish to improve their resistance to

humidity; and to bond turns together and to the stator tooth.
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After finishing winding the coils, the insulation tests around the conductors were
performed using a small portable instrument - as Megger shown in Figure 5.4. All tests have
shown high resistance values of approximately 2.92 GQ, which confirm the validity of the
insulation. Finally, all coils’ terminals were connected and soldered to banana plug socket

female connectors shown in Figure 5.3 (d) to provide a path for the coil terminals.

Figure 5. 3: Winding process(a) Tufnol sheet (b) Tufnol sheet assembly (c) coil (d) final winding
connection (banana plugs)
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’ ‘ it “('P_H 4

Figure 5. 4: Insulation test using Megger
5.6 The Permanent Magnets

The magnets used in both prototypes shown in Figure 5.5 have the same specifications.
They are constructed from N42H grade Neodymium Boron magnets capable of operating in
temperatures up to 120°C. The magnets were manufactured and assembled by Bunting
Magnetics Europe Limited and have a specified remanence of 1.24T. They possess high
coercive forces, high energy product and high performance to cost ratio. The dimensions of
magnets used in both topologies are illustrated in Table 5.2. A dimensional tolerance of +/-
0.1mm was advised by Bunting Magnetics Europe Limited.

Table 5. 2: Magnet dimensions

Machine Topology

topology Width length length
IMCP 12 50 6
VCP 12 50 3

114



Chapter 5 Prototype Manufacturing and Assembly

Figure 5. 5: Un-assembled magnets after checking and marking their polarities (a) IMCP magnets
(b) VCP magnets

In the inset CP prototype machine with tapered ferromagnetic poles, the magnets were
glued and placed in their allocated position beside the tapered ferromagnetic poles as shown
in Figure 5.6 (a). The glue was selected with the help of well experienced technicians in the
mechanical workshop at Newcastle University. The glue showed sufficient tensile strength
to support the magnets in withstanding against magnetic pull force. After mounting and
gluing the magnets, a special mixture of epoxy was applied to the top of magnets, which also
completely filled the gaps between the magnets and tapered ferromagnetic poles.

In the VCP machine, the magnet segments were first glued and placed on the pre-cut V-
shaped slots, which are available on each stator tooth. Then, the small triangular iron spacers
were fitted into the gaps between each pair of magnets and glued to form the V-shape
structure discussed earlier in Chapter 4. Next, the special mixture of epoxy was applied to
the surface of the completed constructed stator tooth. After that, two G-clamp were used to
hold both the magnets and iron spacers until the glue gets dried as illustrated in Figure 5.6
(b). Finally, plastic Tufnol sheets with a thickness of 5mm were machined to match the shape
of the stator tooth. One of the goals of using this material is to support and hold the magnets
with the aid of glue as illustrated in Figure 5.6 (c).
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TUFNOL support
for V-magnets
(C)

Figure 5. 6: Magnet assembly (a) IMCP (b) VCP (c) Tufnol support for VV-shape magnets

5.7 Translator Construction

As the translator mass reduction is one of the specific objectives of this research, the
translator core-back was designed for a minimum possible thickness. The construction
processes and materials are the same as that used in the stator. To increase the rigidity of the
translator, ten holes with a diameter of 4mm were made by the same wire-cut machine,
allowing carbon fibre rods to pass through them in the transverse direction, while the ends
of these components were attached to the Tufnol support in both sides of the translator.
Figure 5.7 shows the physical translator with the pre-drilled holes along its core-back.
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Figure 5. 7: Laminated translator

5.8 Translator Support

In order to assemble the translator three different types of material were used as described

below:

5.8.1 Translator Aluminium Support

Two aluminium I-beams were employed in the stator assembly, in which one side of the
I-beam is attached to the T-shaped Tufnol bar, which will be described in the next section.
While another side of the I-beam is designed to house the carriages as illustrated in Figures

5.8 and 5.9. The reason of choosing aluminium material is to reduce the mass.

Laminated translator |

Figure 5. 8: Assembled aluminium I-beam
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Figure 5. 9: Assembled I-beam and carriage

5.8.2 Translator Tufnol Support

Tufnol is a plastic material designed for applications requiring mechanical strength, low
thermal conductivity and electrical insulation at elevated temperatures. This material has
great features of high strength and rigidity, with good dimensional stability and moisture
resistance and strong electrical properties. According to the aforementioned advantages, two
T-shaped Tufnol bars were machined and used in the translator assembly, as shown in Figure
5.11 and 5.12 respectively. The reasons of choosing T-shaped Tufnol rather than rectangular-

shaped Tufnol bars can be summarised as follows:

e By using rectangular-shaped Tufnol bars, the laminated stators and the Tufnol bars
might come in contact during the translator movement as illustrated in Figure 5.10
(@), which may lead to mechanical issues. To stop that from happening, the T-
shaped Tufnol bars was employed to maintain a fixed distance between them as
shown in Figure 5.10 (b).

e By using the T-shaped Tufnol bars, the total translator mass can be saved as a
result of removing the four areas marked in Figure 5.10 (a).
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Figure 5. 10: Tufnol shape effect (a) rectangular-shaped Tufnol (b) T-shaped Tufnol

Each piece of Tufnol bar was sandwiched between the aluminium I-beam and the
laminated translator. The Tufnol bars are non-conductive material which can prevent the
eddy currents from passing through the aluminium I-beams, which may degrade the machine

performance.

Ten holes with a diameter of 4mm were drilled along the centre of each Tufnol bar to
provide an access for the carbon fibre rods described in the proceeding section and shown in
Figure 5.11 to pass through. There are also twelve holes with a diameter of 5mm drilled into
the top and bottom sides of each Tufnol bar to align with the pre-manufactured holes
provided in the carriages. Thus, screws and nuts were used to fix the aluminium I-beam,
Tufnol bars and carriages together. A strong glue was also used to strengthen the attachment
of the translator laminations, Tufnol bars and aluminium I-beams. Finally, the translator slots
were filled with epoxy as shown in Figure 5.12, to improve rigidity. The datasheet for the

Tufnol used in both prototypes can be found in Appendix C.

5.8.3 Carbon Fibre Rods

Ten solid non-magnetic carbon fibre rods with a diameter of 4mm have been used in the
translator assembly as shown in Figures 5.11 and 5.12. They are manufactured for maximum
rigidity with minimum mass which can lead to great structural reinforcements, while
minimizing the weight. These were inserted into the allocated holes in both translator

laminations and Tufnol bars. The product data sheet is shown in Appendix D.
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Figure 5. 11: Laminated translator and Tufnol bars before the assembly
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Figure 5. 12: Laminated translator and Tufnol bars after the assembly

120



Chapter 5 Prototype Manufacturing and Assembly

The flux linkage contour is plotted in Figure 5.13 for the purpose of comparing the
translator laminations with and without the carbon fibre rods. From the Figure it can be
observed that using the carbon fibre rods has no effect on the flux passing through the

translator. This is due to the fact that this type of material is non-magnetic.

Shaded Plot
|B|] smoothed
1:0ms

(c)

Figure 5. 13: Flux linkage contour plot (a) with carbon fibre rods (b) without carbon fibre rods

5.9 Machine Aluminum Housing

This part of the machine was the most time consuming in terms of the manufacturing
process. It represents the main aluminium body of the machine, which contains the stator
and translator. It is mainly designed to house the linear guide rails that attached to the upper
and bottom sides of the aluminium fame as shown in Figure 5.14. The structure of the
aluminium housing allows the mechanical airgap to be adjusted at any length up to 7mm by
setting the aluminium stator support (aluminium caps), which will be described in the next
section. Another advantage of using this structure is that the stator can be easily swapped
with the VCP machine, which requires less material and hence reduce the total construction
cost. In order to achieve these advantages effectively, the translator must be mounted
perpendicular to a ground plane as adopted in this study. Aluminium 6082 was used in the
construction of the machine housing, which leads to significant overall mass savings of the

prototypes.
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®)

Figure 5. 14: Stationary aluminium housing with mounted linear guides (a) CAD drawing (b)
photo
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5.10 Attaching Linear Guide (Rail) to the Machine Aluminium Housing

There are a wide variety of types of linear bearings that can be used in the prototype.
Some of them offer high rigidity but require a large space due to their bulky sizes, which
cannot be fitted in the machine housing such as that shown in Appendix E. However,
considering the required spaces and the stiffness of the bearings set, the linear guide and
carriages were chosen as the most suitable option in terms of stiffness, reliability, size and
cost. In addition, since the bearings can be overloaded because of the attraction force between
the stator and translator caused by the difference between the two airgaps length, the worst
case of the unbalanced airgaps that discussed in section 4.5.10 was taken in to account. This
bearing set can withstand attraction magnetic force up to 9.8kN, thus allowing the translator
to be assembled without any overloading issues on the bearings. The linear guides have pre-
drilled holes distributed along their length to accommodate screws that attached to the
stationary aluminium housing. Figure 5.14 shows the linear guides after attaching them to

the inner surface of the stationary aluminium housing.

5.11 Attaching Carriages to the Translator Support

It was decided that six carriages would be used in the translator assembly, in which each
side of the translator support accommodates three carriages distributed on the aluminium I-
beam as shown in Figure 5.15 (a) and attached to the aluminum I-beam using four screws.
One side of the aluminium I-beam was machined to match the carriage height as shown in
Figure 5.15 (b). This gives the carriages support from the flanges available in both sides,
which ease maintaining the alignment of all carriages. The two middle carriages in both sides
give an extra support to prevent the translator from being bend as a result of the attraction

magnetic force.
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Figure 5. 15: Attachment of the carriages

5.12 The Shaft

The shaft shown in Figure 5.16 was constructed from non-magnetic stainless steel as an
intermediate between the translator structure and the actuator shaft. A U-shaped piece of
aluminium, shown in Figure 5.16, was designed for three purposes: to provide a base for the
shaft; to hold the two aluminium I-beams; and finally to limit the stroke of translator’s in

both directions.

Figure 5. 16: U-shaped aluminium support
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5.13 General Assembly and the Test-rig

Figures 5.17 and 5.18 illustrates the complete assembled machine and test rig where the
above-mentioned casing components can be seen. Both completed prototype machine and
ball screw (actuator) are mounted on the test rig, in which the translator shaft was directly
coupled to the actuator shaft. The force transducer was connected to the translator shaft for
the purpose of measuring linear static DC force. Appendix F shows the IMCP machine
integrated with a full test rig which was tested in wave tank at Edinburgh University.

The Actuator Control Solutions Integrated (ACSI) is all-in-one servo
motor/drive/controller for cost-effective servo control mount to Tolomatic for a complete
motion system. It can be controlled simple digital 1/O, analog input or robust industrial
Ethernet. The ACSI has an input supply of 10VDC to 60VDC, while the I/O controller is
powered with 24VDC. The ACSI is capable of peak force loads up to 17.8kN with a

maximum stroke of 200mm at a maximum linear velocity of 316mm/s.

U-shaped
aluminium
support

.
ey o
_A B 9%

Figure 5. 17: A complete assembled linear machine
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Figure 5. 18: A complete assembled test rig

5.14 Conclusion

The prototype machine with two different stators’ structure has been successfully
designed, constructed and integrated into a complete test rig. A flexible aluminium housing
has been introduced, allowing the mechanical airgap to be adjusted. In addition, using the
stator aluminium caps contributed to a reduction of manufacturing lead time and the material
used in the prototype machines, where both machines discussed in Chapter 3 and 4 shared
the same aluminium housing. The concepts and processes of the translator assembly
presented in this Chapter led to a noticeable saving of the overall translator mass and required
a minimum space for linear bearings. With the aid of Tufnol sheets and bars, the translator
laminations were properly insulated from the any conductive material. Furthermore, a
method for winding all stators’ coils around each individual stator tooth was also described
in detail. Finally, the complete test rig has been designed and constructed for testing

purposes.
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Chapter 6. Experimental Results and Evaluation

6.1 Introduction

This Chapter presents and discusses the experimental results obtained from a number of
tests that were conducted on the two prototype machines, namely the IMCP machine and the
VCP machine. For fair evaluation, the measured results have been compared to the simulated
results obtained from the FEA models reported in Chapters 4 and 5. Afterwards, the key
measured results for both prototypes have been compared and discussed. The errors in the
attained results have been elucidated and some conclusions have been drawn.

The following experimental tests will be analysed and covered for both machines in this
Chapter:

e Resistance and inductance measurement

e No-load back EMF

e Cogging force

e Force production

e Force variation with current

e Resistive load tests

e Thermal performance

6.2 Phase Resistance and Inductance Measurements

6.2.1 Phase Resistance Measurement

The resistance tests are conducted to test the integrity of the coils after they have been
wound to detect any short circuit or open circuit in the coil or phase connection, or any error
in turn number.

The DC winding resistance is an important measurement in electrical machines’ tests.
The phase resistance can be measured straightforward by connecting a DC current source to
the stator winding as shown in Figure 6.1(a). This process would result in an induced voltage
across the stator winding. Thus, the resistance can be calculated by dividing the obtained
voltage by the applied current. The resistances for all phases were measured and the final
value is the average value of these. It should be indicated that the measurements were carried
out at ambient temperature of (= 20C°), since the resistance mainly depends on the

temperature.
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A digital multimeter shown in Figure 6.1(b) was also used as an alternative method to

measure the winding resistance.

6.2.1.1 IMCP machine
The attained values from these experimental tests were compared to the predicted values
as shown in Table 6.1.
The phase resistance was also calculated according to (6.1), giving a 0.52€Q, in which a

close agreement is observed between the measured and calculated values.

Ncoil-l-p
R=—"—7— 6.1
y (6.1)

Where Ncoil is the number of coils connected in series per phase, | is the length of the
conductor, p is the electrical resistivity of the copper and A is the cross-sectional area of the
conductor.

From Table 6.1 it can be seen that both methods show a good agreement between the
measured and predicted resistances with an average error of 4.3% and 6.2% between the
predicted and the measured values obtained from the first and second method, respectively,
and an average error of 1.9% between these two methods. Furthermore, the negligible errors
between the resistance values of the three phase imply that the three phase windings have
the same number of turns.

It should be mentioned that the coils per phase were connected externally using a

conductor with different diameter, which may influence the accuracy of these measurements.

; DC power supply

(b)

Figure 6. 1: Resistance measurement setup (a) method 1 and (b) method 2
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Table 6. 1: Comparison of predicted and measured resistance values of the IMCP machine

Resistance value [Q]

Phase # measured measured error [%]
FEA error [%]
method 1 method 2
Phase A 0.53 0.553 4.3% 0.563 6.2%
Phase B 0.53 0.552 4.2% 0.562 6%
Phase C 0.53 0.554 4.5% 0.564 6.4%

6.2.1.2 VCP Machine

To detect any short circuit or open circuit in the coils or phase connection, the resistance

measurement was initially performed. As this machine has the same number of turns and

conductor diameter as that of the IMCP machine, the measured resistances are expected to

be close to that measured early in the previous section. Table 6.2 shows the measured and

predicted values of the phases’ resistances using the same methods adopted above. From the

Table it can be observed that an average error of 4.3% and 6.1% between the predicted and

the measured values obtained from the first and second method, respectively, and an average

error of 1.8% between the two methods used in this test. However, a good agreement is

shown between the predicted and measured values.

Table 6. 2: Comparison of predicted and measured resistance values of the VCP machine

Resistance value [€2]

Phase # measured measured error [%]
FEA error [%]
method 1 method 2
Phase A 0.53 0.553 4.3% 0.563 6.2%
Phase B 0.53 0.552 4.2% 0.562 6%
Phase C 0.53 0.554 4.5% 0.563 6.2%
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6.2.2 Phase Inductance
6.2.2.1 IMCP Machine

This test was carried out using two methods. In the first method, a variable AC power
supply with a frequency of 50Hz was connected across the terminals of a single-phase as
shown in Figures 6.2 and 6.3. By measuring the current flowing through the circuit, it is
possible to calculate the phase impedance. Using the measured value of the phase resistance
for that phase, the inductance was then calculated according to (6.2) and compared to the

FEA results. Table 6.3 shows the simulated and measured values of the three phases’

inductances.
2
7) -#
G (6.2)
)
Ammeter
R Ls
@_/\f’\— S5 W
‘3
Voltage
source \" ™ ’
Voltmeter

Figure 6. 2: Inductance measurement scheme

In the second method, the phase self-inductances were also measured straightforward
using an inductance- capacitance- resistance (LCR meter) shown in Figure 6.4, the measured
values are listed in the same Table. It can be seen that there are average error of 4.5% and
5.1% between the predicted and the measured values obtained from the first and second
method respectively, with an average error of 0.5% between the two methods. In addition,
the measured values for the three phases’ inductances are higher than that obtained by the

FEA. These differences are attributable to the end effect which is not considered in the 2D-
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FEA. These differences are also likely to be due to a combination of the non-uniform nature

of hand wound coils and a degree of uncertainty with the prototype airgap.

Figure 6. 4: Inductance measurement setup (method 2)
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Table 6. 3: Comparison of predicted and measured inductance values of the IMCP machine

Inductance [mH]

Phase
measured
# FEA measured error [%] error [%]
[RLC]
Phase A 24.3 25.4 45 25.7 4.7
Phase B 27.4 28.5 4 28.8 5
Phase C 24.4 25.6 4.9 25.8 5.7

6.2.2.2 VCP Machine
After testing the first prototype (IMCP machine), the stators were replaced with that of

the VCP machine. The previous series of tests were repeated and results compared to the
simulation data as shown in Table 6.4. Again, the experimental data shows higher inductance
values for the three phases compared to the FEA data. The absence of the end effect due to

the use of 2D-FEA may contribute to this disagreement.

Table 6. 4: Comparison of predicted and measured inductance values of the VCP machine

Phase Inductance [mH]

# FEA Measured  error [%] Measured [RLC]  error [%]
Phase A 24.7 25.5 3.2 25.8 4.4
Phase B 27.8 28.5 25 28.7 3.2
Phase C 24.6 25.4 3.3 25.8 4.9

6.3 No-load back EMF

This test was performed to fulfil the following purposes:
e To find the open-circuit induced voltage in the coils at a given velocity.
e To determine the balance between the no-load back EMF of each phase of the
machine — this confirms the prototype machines were configured properly.
e To check the variation of the no-load back EMF with respect to the airgap length.
In this test, the prototype was directly driven by a programmable ball screw (actuator)

with a maximum velocity of 0.3m/s.
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6.3.1 IMCP Machine

The variation of the induced no-load back EMF with respect to the translator position is
shown in Figure 6.5. These waveforms show very little harmonic distortion but their shapes
match well the simulated ones. For a better comparison, the no-load back EMF waveforms
obtained from simulation and experimental results for all three phases are plotted on the same
graph mentioned above. It can be seen that the peak value of the measured no-load back
EMF is 14.2V, 7% lower than that value obtained from the transient FEA. This may be due
to a number of reasons:

e The characteristics of the material used in the FEA model may not match the
characteristics of the real material used in the prototype.

e The design tolerance in the manufacturing process also plays a significant role, which
may result in inaccurate dimensions.

Figure 6.6 compares harmonic spectra for the simulated and measured no-load back
EMF. There is some differences between these results; this differences are owing to the
variance in the resolution of the data range between the simulated and measured waveforms.
In the calculation process of the harmonic spectra, about 1983 data points were used in the
measurement, compared to only 253 data points used in simulation for one electrical cycle.
A Total Harmonic Distortion (THD) of 3.3% was produced in the measured data, whereas a
4.6% of THD was present in the simulation results for the phase back EMF.

In Figure 6.7 the three-phase waveforms of the no-load back EMF at a constant speed
of 0.3m/s are plotted. The three-phase waveforms were captured by an oscilloscope for a
stroke of 120mm, which corresponds to five electrical cycles. From the Figure it can be seen
that the displacements between all waveforms are identical (120 electrical degrees), which
confirm the accuracy of the stator teeth offset. Figure 6.8 shows the similar waveforms at a
variable speed with peak value of 0.3/m. It can be seen from the Figure that as the speed
increases the effect of the harmonic distortion within the waveforms decreases, hence more
sinusoidal waveforms were obtained.

The variation of the no-load back EMF with respect to the speed of the machine will
vary linearly with speed due to Faraday's law, as confirmed in Figure 6.9. However, a drop
of 7% is seen at the maximum achievable speed by the actuator, compared to the FEA. This
difference between the simulated and measured values can be justified as follows:

e The no-load losses produced in the machine increase proportionally as speed rises.

They are expected to be more in the experimental results than the predicted ones,
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because of the negligible end effect. These losses can lead to an increase in the
magnet temperature, which in turn reduces the effective flux, and hence the no-load
back EMF.

e The errors in the measuring instruments.

—Ph. A exp. —Ph. B exp. —Ph. Cexp.
---Ph. Asim. ---Ph. Bsim. ---Ph. Csim.

Back EMF [V]

Time [s]

Figure 6. 5: Comparison of predicted and measured no-load back EMF of the IMCP machine at
0.3m/s
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Figure 6. 6: Comparison of predicted and measured harmonic spectra for the IMCP machine
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Figure 6. 7: Measured no-load back EMF of the IMCP machine at constant speed of 0.3m/s for one
stroke, 120mm
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Figure 6. 8: Measured no-load back EMF of the IMCP machine under variable speed for one
stroke, 120mm
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Figure 6. 9: VVoltage-speed characteristics at open circuit for the IMCP machine

136



Chapter 6 Experimental Results and Evaluation

Since the prototype possesses the feature of adjusting the airgap length, the effect of
varying the airgap length on the induced back EMF was investigated and the results are
summarised in Table 6.5. As expected from theory, with a small airgap the fringing and
leakage fluxes are reduced leading to an increase in the main flux that links the stator
winding. Hence, as the airgap length decreases the induced back EMF is increased as a
consequence. It can be seen in the Table that at a 3mm airgap the error between the simulated
and experimentally measured values for RMS no-load back EMF is about 15.8%. However,
as the airgap length gets smaller, the error gradually decreases, where only 9.4% error is

shown at 1mm airgap.

Table 6. 5: Variation of the no-load back EMF with different airgap length for IMCP machine

Airgap length Back EMF RMS[V]
Error [%]
[mm] 2D-FEA measured
1 10.6 9.6 9.4
2 6 54 10
3 3.8 3.2 15.8

6.3.2 VCP Machine

Figure 6.10 shows the no-load back EMF waveforms for the VCP topology obtained
from simulation and experimental data at 0.3m/s according to the capability of the actuator.
It can be seen that these waveforms are symmetrical and have identical oscillation, and are
of a similar shape to those obtained from the transient FEA. The tendency to symmetry and
sinusoidal shape resulted from the near absence of the 5th harmonic in the harmonic spectra
analyses. In the measured results of the phase back EMF, the 7th harmonic is the predominant
harmonic after the fundamental, which represents about 1% of the fundamental as shown in
Figure 6.11. As in the IMCP topology, when the line back EMF is considered, the triplen
harmonics are eliminated. A THD of 2.3% was presented in the simulated results compared
to only 1.6 % in the measured results. An error of 6.6% is shown between the simulated and
measured results, in which the simulated is higher than the measured value.

This is a 120° phase shift between the three phases; this means that 0°, 120°, 240°,
corresponding to 8mm mechanical displacements between the stator teeth resulted in a set of

balanced voltages with the right phase shift.
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The three-phase no-load back EMF waveforms measured across three adjacent coils at
variable speed were also captured using a Techtronix oscilloscope as shown in Figure 6.12.
It can be seen that as the speed increases, the phase back EMFs are approaching sinusoidal
waveforms.

Table 6.6 shows the effect of varying the airgap length on the induced no-load voltages.
It can be seen that the discrepancy between the simulated and measured results increases as
the airgap length increases.

In order to obtain the open circuit characteristics, the phase no-load back EMF was
measured with the two coils of each phase connected in series. This was conducted over a
range of speeds resulting in characteristics shown in Figure 6.13. As expected, the simulated
and measured induced no-load back EMFs are increased proportionally with speed.
However, the error between the simulated and measured results increases with speed, which

is attributable to the no-load losses.

—PH. A exp. —Ph. B exp. —Ph. Cexp.
- =Ph. Asim. - =Ph.Bsim. - =Ph. Csim.

Back EMF [V]

Time [s]

Figure 6. 10: Comparison of predicted and measured no-load back EMF of the VCP machine at
0.3m/s
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Figure 6. 11: Comparison of predicted and measured harmonic spectra for the VCP machine
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Figure 6. 12: Measured no-load back EMF of the VCP machine under variable speed for one
stroke, 120mm
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Table 6. 6: Variation of the no-load back EMF with different airgap length for VCP machine

Airgap length Back EMF RMS|[V]
Error [%]
[mm] FEA measured
1 12.5 11.6 7.2
2 6.3 5.6 11
3 3.7 3.1 16.2
VCP machine
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Figure 6. 13: Voltage-speed characteristics at open circuit for the VCP machine

6.4 Cogging Force

The cogging force characteristics for both prototypes were taken over one translator
tooth pitch (360 electrical degrees, corresponding to 24mm). The complete test rig is shown
in Figure 6.14; the generator was coupled through the in-line force transducer to a ball screw
actuator, which locks the translator in position and allows for fine small movements of the

translator, i.e.1mm.
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The force transducer output is a voltage which is proportional to the measured force.
The measured voltage values were multiplied by the ratio of (2000/1.983), as recommended

by the manufacturer of the force transducer, allowing the force to be calculated.

Figure 6. 14: Complete test rig

6.4.1 IMCP Machine

In this test, the variation of the cogging force with respect to the translator position is
investigated as shown in Figure 6.15. The measurement of the cogging force was performed
without injecting current to the stator winding. The translator was directly driven by the
programmable actuator with an interval of 1mm. With the aid of the force transducer
connected to the shaft, the measurement was recorded at each position over one electrical
cycle, corresponding to a displacement of 24mm. The output of the force transducer is a
voltage proportional to the measured force. As can be seen in Figure 6.15 only a positive net
force was obtained from the experimental results. However, by removing the offset from the
measured values, the agreement between the simulated and measured results is very good as
verified in Figure 6.16. The offset occurred in the experimental data can be resulted from the
friction losses. However, no further investigation on this was made.

Moreover, the amplitude of the measured results is slightly lower than that obtained
from the FEA. The difference between both results can be justified as follows:

e The force transducer and its cable are very sensitive to any slight touch or movement,
which in turn may negatively affect the measured values.

e An inaccuracy of the translator position, as the translator was moved by an interval

of 1mm for each step, the interaction between the magnets and translator teeth can influence
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its desired position, for example, when the actuator was programmed to move the translator
by 5mm, the actual displacement appeared on the Tolomatic software was 5.1mm, indicating
that the translator position was affected by the magnetic force.

e The errors in the measuring instruments.

The effect of varying the airgap length on the cogging force is also investigated in this
study. Using the adjustable screws distributed around the aluminium stator support, the
airgap length was varied from 1mm to 3mm, with a step of Imm. The obtained results are
listed in Table 6.7. From the Table it can be observed that as the airgap length increases, the

peak to peak values of the cogging force are reduced.
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Figure 6. 15: Variation of the measured cogging force of the IMCP machine with translator
displacement over two pole pitches with offset
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Figure 6. 16: Comparison of predicted and measured cogging force of the IMCP machine after
removing the offset

Table 6. 7: Variation of the cogging force with different airgap length for IMCP machine

Airgap length Peak-Peak cogging force[N]
[mm] FEA measured Error [%]
1 62 57 8
2 29 26 10.3
3 16 12 15

6.4.2 VCP Machine

The measured cogging force waveform for the VCP machine is shown in Figure 6.17
and compared to that obtained from static simulation results. As can be seen in the Figure
both results show a good correlation, where variations of both waveforms with respect to the
translator position are very similar, with an error of 5.9% between the peak to peak values
of both results, in which the measured magnitude being slightly lower than that of the
simulated one. This difference is believed to be due the same reasons stated for the IMCP

topology discussed earlier in the previous section.
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Figure 6. 17: Comparison of predicted and measured cogging force of the VCP machine after
removing the offset

Table 6.8 demonstrates the simulated and measured peak to peak values of the cogging
force under different airgap length. It can be seen that as the airgap length increases the

magnitude of cogging force decreases.

Table 6. 8: Variation of the cogging force with different airgap length for VCP machine

Airgap length Peak-Peak cogging force[N]
[mm] FEA measured Error [%)]
1 51 48 5.9
2 27 24 11
3 14 12 143
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6.5 Force Production

The static force characteristics for both prototypes were taken over one translator tooth
pitch (360 electrical degrees, corresponding to 24mm). The DC force setup shown in Figure
6.18 was used to perform this test. The stator windings were connected as per the diagram
shown in Figure 6.19. As it can be seen from the Figure the end terminals for all phases are
short circuited and the start terminal of phase-A winding is connected to the positive terminal
of the DC supply, while phases B and C are connected in parallel in which their common
start terminals are connected to the negative terminal of the DC supply. This connection
allows a 11A to flow through phase A, while half of this value flows through phases B and
C in a negative direction. This current distribution represents an instance of a sinusoidal
current injected to the stator windings. After that, the translator was driven slowly with a step
of Imm and the static force was measured by the force transducer at each step over a full

translator tooth pitch.
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Figure 6. 18: Static DC force measurement setup

6.5.1 IMCP Machine

Figure 6.20 compares between the obtained experimental and the predicted results. As
can be seen from the Figure, the experimental results agree well with the simulated results
with an error of 6.8%. This is potentially due to the drop in the open-circuit voltage that has

been justified in section 6.3.1.
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Figure 6. 19: Winding connection diagram used for static DC force measurement
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Figure 6. 20: Comparison of predicted and measured static DC force of the IMCP machine
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6.5.2 VCP Machine

This test was performed in the exact same manner adopted earlier in the previous section.
Figure 6.21 shows a comparison of the experimentally measured values for static DC force
to that predicted by the FEA simulation. Overall, the measured values closely match the
simulated values, the peak values in particular, with an error of 4.6 % under the armature

current of 10A, in which the highest values were seen in simulation results.
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Figure 6. 21: Comparison of predicted and measured static DC force of the VCP machine
6.6 Force Variation with Current

Force capability of the machine is one of the key points of interest of the experimental
tests. In order to perform the force capability measurements, the previous test was repeated
here over a range of DC excitation currents using a variable DC power supply. The applied
DC current was varied from 0 to 20A with a step of 2.5A. The force transducer was used to
measure the linear force produced by both machines.

6.6.1 IMCP Machine

Figure 6.22 illustrates the current-force curve for both simulated and experimental
results. The Figure shows the variation of the static DC force with respect to the applied DC
current (up to 20A), where the force varied linearly against the applied currents until the

current reaches its rated value. As the machine overloaded further, non-linearity is shown in
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this relationship as a result of the magnetic saturation. It can be also observed that there is a
very good agreement between the predicted and measured results, which validates the result
obtained from the FEA model. Any remaining prediction errors can be attributed to
inaccuracies in measurement due to the transducer tolerance, human error and manufacturing

tolerances.
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Figure 6. 22: Comparison of predicted and measured static DC force of the IMCP machine under
different excitation currents

6.6.2 VCP Machine

In this test, the processes implemented in the previous section were repeated again. It
can be seen that the force measured throughout the experiment increases linearly with the
applied DC current. The rise in the force is expected to continue at the same rate up to 11A
before the consequent poles start to saturate. After which, due to the saturation effect he force
variation becomes non-linear when the applied current exceeds it rated value. A comparison
between the simulated and measured results is plotted in Figure 6.23. From the Figure it can
be observed that the prototype achieved reasonable force values against the applied current

in comparison with the simulated ones, with a maximum error of 2.4%.
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Figure 6. 23: Comparison of predicted and measured static DC force of the IMCP machine under
different excitation currents

6.7 Resistive Load Tests

In these tests, the IMCP and VCP prototypes were connected to a star-connected three-
phase resistive load as shown in Figures 6.24 and 6.25. According to theory the maximum
power transfer occurs when the load impedance equals to the machine internal impedance.
In order to find the maximum output power of the IMCP and VCP machines, the machines
should be tested under the rated speed operation, 1.2m/s. However, due to the speed
limitations of the actuator, the machine was tested at maximum achievable velocity of
0.3m/s. The resistive load R. was varied within the range of 0 to 8Q and the maximum power
was measured at a steady state. The obtained findings will be discussed in the next two sub-

sections

6.7.1 IMCP Machine

Figure 6.26 shows the variation of the machine output power as a function of the applied
load. It can be seen from the Figure that the maximum output power that can be achieved is
65W when the machine was loaded with a resistive load of R= 3Q. At a resistive load, power
is inversely proportional to the value of the load resistance (i.e. P=V?/R). Thus, the output

power decreases and then stabilizes with a gradually increasing load.

149



Chapter 6 Experimental Results and Evaluation

~—

Linear generator

\\ Current probes |

Figure 6. 24: Resistive load tests measurement setup
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Figure 6. 25: Generator equivalent circuit connected to a 3-phase resistive load
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Figure 6. 26: Variation of the output power of the IMCP machine under different resistive loads

6.7.2 VCP Machine

The VCP machine was tested following the same procedures described in the previous
section. The load was varied from 0 to 8Q, with an interval of 0.5Q. Figure 6.27 shows the
variation of the output power as a function of load. It can be seen that the maximum power
occurs when the load is R= 3Q, with the value of 73W. This gives an indication of the
improvement in the output power compared to the IMCP machine. This is attributed to the

increase in the open-circuit voltage.
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Figure 6. 27: Variation of the output power of the VCP machine under different resistive loads

6.8 Thermal Performance

In order to be able to observe and record the coils operating temperature point, the IMCP
and VCP prototypes were fitted with three thermocouples as shown in Figure 6.28. One
thermocouple is attached to the conductor of the middle coil, allowing the temperature
measurements to be performed at the hottest point of the coil. The other two are attached to
the magnet surface/ the surface of the stator tooth and the aluminium case of the machine.
The hot-spot temperature of phase-A under a DC current of 7.8A, for a period of four hours

was investigated, in which the test was carried out at the room temperature (= 20 °C).

6.8.1 IMCP machine

Figure 6.29 shows the phase temperature obtained from the experimental test stabilised
to a temperature of almost 77 °C, while the temperature of the magnet surface and the
aluminium case stabilised to a temperature of almost 54 °C and 50 °C, respectively. Taking
into consideration the temperature rating of 220 C° for both the insulation class of the copper
used in the prototype, and the thermal paste used for potting, which indicates that this

temperature can be considered as safe.
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Figure 6. 28: Thermal test measurement setup
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Figure 6. 29: Thermal behaviour of the IMCP machine
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6.8.2 VCP Machine

Figure 6.30 shows the temperature rise during a period of four hours when 7.8A DC
current was injected to the coil. It can be seen that the temperature obtained from the
experimental test stabilised to a temperature of almost 78 °C, while the temperature of the
magnet surface and the aluminium case stabilised to a temperature of almost 53 °C and 50°C,
respectively. Taking into consideration the temperature rating of 220 C° for both the
insulation class of the copper used in the prototype, and the thermal paste used for potting,
which indicates that this temperature can be considered as safe. Furthermore, the back EMF
was measured after this test and compared to that obtained in section 6.3.2 —Figure 6.10. It
was found that the back EMF remains the same after this test which confirms that the PMs

was not demagnetised under this condition.
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Figure 6. 30: Thermal behaviour of the VCP machine

6.9 Comparison of the IMCP and VCP Prototype Machines

The experimental results from the constructed prototype of the IMCP and VCP machines
are shown to be close to the FEA results. As the performances of these two machines have
been evaluated and compared in Chapter 4, it is therefore worth making a comparison

between the two prototype machines based on the measured results. The purpose of this
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comparison is to show that the VCP machine can produce higher no-load back EMF, force
production and output power, while exhibiting lower cogging force compared to its IMCP

counterpart,
6.9.1 No-load Back EMF

Figure 6.31 shows a comparison of the IMCP and VCP prototype machines in terms of
the no-load phase back EMF. The VCP machine generates higher no-load back EMF for a
given velocity as illustrated in Table 6.9 where an increase of 21% is shown in the RMS
values. More importantly, the fundamental of the no-load back EMF of the VCP machine is
17% greater, showing that the harmonic content is reduced in the VCP. It should be indicated
that the THD in the measured results of the phase back EMF is about half of that produced
by the IMCP topology as previously discussed in section 6.3.

. AIMCP
. BIMCP
. CIMCP
.AVCP
. BVCP
. CVCP

Back EMF [V]

Time [s]

Figure 6. 31: Comparison of the measured no-load back EMF at 0.3m/s for IMCP and VVCP
machines

Table 6. 9: Comparison of the measured magnitude of the back EMF for IMCP and VCP machines

IMCP VCP difference
Across the three phases
[%]
Average peak voltage [V] 14.2 17 20%
Average RMS voltage [V] 9.6 11.6 21%
Average fundamental [V] 12 14 17%
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6.9.2 Cogging Force

According to the results obtained from the experimental tests, the VCP prototype
machine has a peak to peak value of 48N, which is 17.2% lower than that of the IMCP
prototype machine as verified in Figure 6.32. This reduction is attributable to the resultant
sinusoidal waveforms of the phase back EMF caused by the near absence of the 5" harmonic
discussed earlier in section 6.3.2, which in turn influenced the magnitude of the cogging
force. It should be highlighted that both machines exhibited a low level of the cogging force

owing to the adoption of the consequent pole topology.
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Figure 6. 32: Comparison of the measured cogging force for IMCP and VCP machines

6.9.3 Force Production

Figure 6.33 shows the graphical comparison of the measured static DC force of IMCP
and VCP prototype machines under a DC excitation current of 10A, which confirms the
superiority of VCP prototype machine.

Table 6.10 gives the peak values of the static DC force with respect to the applied DC
current. This shows that the static DC force produced by the VCP machine is between 14%
and 16.5% greater than that of the IMCP machine. It should be indicated that for both
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prototype machines the applied DC current was limited by the test equipment available and

not by the investigated machines.

Translator position [mm]

Figure 6. 33: Comparison of the measured static DC force for IMCP and VCP machines

Table 6. 10: Comparison of the measured DC static force for IMCP and VCP machines

IMCP VCP difference
Across the three phases
[%]
Peak DC force [N] at 11A 718 819 14
Peak DC force [N] at 5.5A 358 417 16.5

6.9.4 Output Power

The output power of the IMCP and VCP prototype machines is compared in this section.
Both machines were investigated under variable resistive load as discussed in section 6.7.
Figure 6.34 shows the variation of the output power with respect to the applied load. It can
be seen that the output power of the VCP machine offers 14% higher output power compared

to its counterpart. It should be indicated that the obtained values do not reflect the expected
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output power for both investigated machines due to the limitations of the velocity of the

actuator.
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Figure 6. 34: Comparison of the resistive load test for IMCP and VCP machines

6.9.5 Power Factor

Due to the speed limitation of the ball screw actuator, we were not able to directly
measure the power factor at the rated speed. However, by looking at the back EMF constant,
the back EMF value at the rated speed can be predicted hence calculating the power factor
is possible.

The power factor and terminal voltage can be calculated as:

E +R,l,

Power factor = cos® = —v (6.3)
a

Vo =V(E + Rala)? + (wLela)? (6.4)

Where Vs is the terminal voltage and Ia is the phase current. The results show that the

power factor of the IMCP and VCP machines are 0.63 and 0.5 respectively, which confirms
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that the proposed VCP machine has a higher operating power factor compared to its

counterpart.

6.10 Conclusion

In this Chapter, the experimental results of testing the IMCP and VCP prototype
machines have been presented and compared to the predicted FEA results. The Chapter
started with some initial DC and AC measurements performed to find the winding resistances
and inductances for both prototype machines. Since both prototype machines have the same
winding specifications, the measured phase resistances are expected to be the same. These
measured values agreed well with predicted ones, with an average error of 6.2%. The
measured phase inductances are slightly higher than that obtained from the FEA results,
which is attributable to the negligible end effect.

Both prototypes exhibited a good balance of the induced no-load back EMF between
phases along with the expected 120° phase shift. However, the measured no-load back EMF
magnitudes of the IMCP and VCP prototype machines are 7 and 6.6%, respectively, lower
than the predicted values.

The VCP prototype possesses almost the same thermal behaviour of that of the IMCP
prototype owing to the common specifications between them.

The performance of the two prototype machines has been then compared as summarised
in Table 6.11. From that Table it can be concluded that a close agreement is observed
between the experimental and FEA results. The VCP prototype machine shows a higher no-
load back EMF, static DC force, output power and power factor, while it exhibits lower
cogging force for the same overall volume, verifying that the VCP prototype machine could
actually be smaller than the IMCP machine. More importantly, the captured phase back EMF
waveform of the VCP prototype has only a 2.3 THD and is very sinusoidal.
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Table 6. 11: Summary of the performance comparison for IMCP and VCP machines

IMCP VCP
FEA Exp. Error[%] FEA Exp. Error[%]
Peak back EMF [V] 15.3 14.2 7 18.2 17 6.6
pk-pk cogging force [N] 62 58 6.4 51 48 5.9
Peak DC force [N] at 10A 721 652 9.5 805 763 5.2
Output power at 0.3m/s - 64 - - 73 -
Power factor 0.5 0.5 - 0.65 0.63 3
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Chapter 7. Proposed VCP Machine for a 30kW Wave
Energy Device

7.11Introduction

In this Chapter the VCP machine developed in this thesis and described in Chapter 4 is
scaled up for use in the 30kW DD-WEC developed by Uppsala University [123]. The study
is intended to investigate the effect of using different support structures on the overall
machine size and mass. Estimated required quantities of active materials for each design are
provided. The dimensions and the main specifications of the Linear Permanent Magnet
Generator (LPMG) proposed by Uppsala have been used as the input parameters for a design
study of the VCP machine. Five variants have been investigated and their dimensions, mass
and cost of compared. Due to the lack of data provided in [123], there are limitations to the

electromagnetic performance and PM mass comparison.

7.2Description of the Existing LPMG Developed by Uppsala University

Development of the LPMG used in the wave energy device developed by Uppsala has
been well reported [123-126]. A company called Seabased AB is currently developing and
commercialising this technology further [127]. The UU-LPMG has a multiple-sided
configuration with an outer stator and inner translator as shown in Figure 7.1.

It is an iron-cored machine which has a stator with a vertical length of 6m, and stack
length of 0.4m. The winding arrangement for the three-phase is shown in Figure 7.1(f), which
uses standard PVC insulated cables with stranded conductors. Although this is unusual for
machine winding, the insulated, stranded cable is easy to handle, flexible and relatively cheap
making it ideal for winding a large machine[126]. Furthermore, in the harsh marine
environment, a good insulation can be provided by the PVC. The translator length is 3m in
which surface-mounted NdFeB PMs are accommodated with aluminium spacers for accurate
positioning of the PMs as shown in Figure 7.1(e). The LPMG-UU has been assembled
robotically as detailed in [125, 126]. The key specifications of the LPMG-UU is listed in
Table 7.1.
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Table 7. 1: Main specifications for the LPMG developed by UU

Item Value Unit
Hull height 6000 mm
Hull diameter 1091 mm
Vertical stator length 1967 mm
Vertical translator length 3000 mm
Translator mass 2700 kg
Average power 30 kw
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(g)

Figure 7. 1: (a) buoy (b) hull (c) UU-WEC (d) system layout (e) Translator with PM mounted on (f)
top view of stator (g) laminated single side of the stator [123, 125, 126]

7.3Multiple-Side Structure

In this thesis, it was decided to choose eight-sided structure as it is close to a tubular
machine and possesses lower pronounced undesirable impacts in comparison with a double,
four or six-sided linear machine [75].

The aim of using a multiple-sided VCP machine is to minimise the attraction forces
acting on the mechanical bearings by balancing the magnetic attraction forces [75].

The windings of the multiple-sided linear PM machines can be assembled in different
ways; either a wave winding on each stator individual module as shown in Figure 7.2 (a),
which can be connected externally, or a lap winding that encircles all stator modules [35], as
shown in Figure 7.2 (b). In the latter technique, the stator modules for all machine sides share
the same winding. The result is the absence of the end windings and hence lower copper
losses can be obtained. However, sharing the common winding between the stator sides can
lead to a potential complexity of the stator disassembly, especially during the routine
maintenance. On the other hand, by adopting the design shown in Figure 7.2 (a), the
disassembly of the machine would be much easier. However, greater copper losses would

occur as a result of the extra conductor length.
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Figure 7. 2: Possible winding configuration for multiple-sided machine [35]

7.4Potential Advantages of Using the VCP Machine as an Alternative
Generator for UU-WEC

e The PMs are mounted in the stator in which the issues of the mechanical integrity
and thermal instability can be avoided and the amount of PM can be saved.

e Thetranslator consists of laminated iron core with salient teeth so that it is very robust
to transmit high thrust force for direct drive application, with potential of reducing
translator cost and maintenance.

e The proposed VCP machine can be designed in a compact size to react the same force
of the LPMG-UU, thus reducing the construction cost.

e The proposed VCP machine can offer high force density and shear stress at low
operating speeds due to the inherent magnetic gearing effect.

e Concentrated windings are used in the proposed VCP machine offering short end
windings, thereby low copper loss can be achieved due to the small winding

resistance.
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7.5Description of the Proposed Variants

7.5.1 Design A

In this design, the VCP machine described earlier in Chapter 4 was scaled up using the
same method adopted in [2]. Details of the selection and calculation of the machine
dimensions are provided in the proceeding paragraphs.

First, the diameter of the hull used for accommodating the LPMG used in UU-WEC
[123] and shown in Figure 7.1(b), was assumed to be the maximum space available for this
design study. This gives an indication of the maximum axial length can be used for the
proposed design, design A. According to the FEA calculation, the VCP machine with a single
stator module (double-sided E-core) with an axial length of 50mm is capable of generating
818N at a velocity of 1m/s. Therefore, in order to achieve the equivalent force produced
LPMG used in UU-WEC [123], the axial length of the VCP machine was extended to 700mm
and five identical stator modules were arranged in the direction of the motion as shown in
Figure 7.3. Equation (3.8) was used to obtain the desirable displacement between the stator
modules. The mass of all active parts are given in Table 7.2.

To use the hydraulic bearings adopted in [128], the thickness of the translator was
designed to be 0.14m (The translator coreback was scaled up in proportion to the axial
length).

An investigation of scaling up the LVHM by extending the axial length has been carried out
in detail in [95, 128]. However, no real large-scale LVHM has been constructed and tested.
Some disadvantages of employing this topology are summarised below:

e Extending the axial length of the double-sided VCP topology would make it difficult

to wind the stator windings due to small slot area available within the stator module.

Which means, a bigger slot area is required to facilitate the winding assembly leading

to an increase in laminated material, vertical stator length and hence the associated mass.

In addition, this can result in a very poor fill factor due to the increase in the slot area.

e The attraction force between the stator and translator and cogging force are

proportional to the machine axial length. Therefore, more structural support is required

to react against the predicted unwanted forces.

e To construct this machine large PM bars are needed, which can be easily damaged

due to their small thickness (3mm).
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Table 7. 2: Mass of design A

Item Mass Unit
Magnets 33.6 kg
Copper 213 kg
Laminated stator 540 kg
Laminated translator 1007 kg

Design A

Laminated
translator

E-core

Stator
aluminium
support

Figure 7. 3: Design A structure

7.5.2 DesignB

A new design presented in this section was developed from the double-sided topology.
A topology with a similar concept of multiple double-sided air-cored LPMGs distributed
around a central support was developed by [129, 130] as shown in Figure 7.4. The new design
consists of eight double-sided VCP machines in which each machine is perpendicularly
attached to each side of an octagon structure, and all being magnetically independent. Each
individual machine has five stator modules sharing the same translator; they are adjacent to
each other on the same plane and are displaced by a distance satisfying (8.1).The purpose of
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this design is to minimise the translator mass and vertical height for a given force. Figure
7.5 shows the structure and the required components for the proposed design. The
dimensions of the design and number of active components were identified based on the
available space and force required by the initial LPMG-UU [123]. Aluminium structural
support is assumed to be used in both translator and stator support. A set of linear guides and
carriages employed, which require small space compared to the other type of mechanical
bearings. The full structure was designed using Autodesk Inventor software and then each
component was extracted by MagNet™ software to predict its mass. The mass of all active
parts are presented in Table 7.3. There are three key advantages can be gained from this
design which are as follows:

e A compact size can be achieved in comparison to the LPMG-UU.

e The design has an eight double-sided VCP machines sharing the same structure support,

meaning that each machine can be assembled and assembled individually.
e The free spaces surrounding the centre of the design can be used to accommodate the

converter elements.

Figure 7. 4: Multiple double-sided structure developed in [130]
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Design B Laminated translator

Translator
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Stator
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(c)

Figure 7. 5: Design B structure (a) top view (b) 3D rendered view and (c) side view
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Table 7. 3: Mass of design B

Item Mass Unit
Magnets 33.6 kg
Copper 317 kg
Laminated stator 540 kg
Laminated translator 515 kg

7.5.3 Design C

This design copies the main structure of the design B discussed in the previous section.
It contains eight double-sided VCP machines in which each machine has five modules
sharing the same translator, and are evenly displaced as per (8.1) along the motion direction
as shown in Figure 7.6. The key difference between the two designs is that the translator
structural support of the present deign is split into two parts: namely, the movable aluminium
support highlighted in pink in the same Figure and the stationary aluminium support. This
structure provides a free space between the movable and stationary aluminium support to
accommodate roller bearings. The dimension of the design and number of active components
were identified based on the available space and required force of the initial LPMG [123].
Again, the full structure was designed using Autodesk Inventor software and then each
component was extracted by MagNet™ software to predict its mass. The mass of all active
parts are shown in Table 7.4. There are three key advantages can be gained from this design
which are as follows:

o A compact size can be achieved in comparison to the LPMG-UU.

o The design has an eight double-sided VCP machines sharing the same structure
support, meaning that each machine can be assembled and assembled
individually.

o As the translator structural support has two main parts, the overall movable

translator mass can be reduced.
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E-core

Design C

Laminated
translator

Non-magnetic
stainless steel

translator
stationary
aluminivm
support

Translator movable
aluminium support

airgap

Stator aluminium
support

Figure 7. 6: Design C structure (a) top view (b) 3D rendered view

Table 7. 4: Mass of design C

Item Mass Unit
Magnets 33.6 kg
Copper 317 kg
Laminated stator 540 kg
Laminated translator 515 kg

7.5.4 DesignD

In this design, multiple single-sided machines are placed around a central octagon-
shaped structure. Five identical modules which are placed with respect to one another in the
direction of motion such that they are displaced as per (8.1) to form a three-phase single-
sided machine. Each stator module is capable of reacting 1.5kN, making up a three-phase
single sided-machine with a combined average force of 7.5kN, thereby 60kN for all eight
sides.

Figure 7.7 shows the proposed configuration; it is similar to that used in UU-WEC in
terms of number of sides. The translator structural support comprises mainly of two parts:
aluminium stationary part fixed to the seabed, and movable aluminium part to support the
laminated translator core. The aluminium translator movable support was designed with

eight holes in parallel with the motion direction, and distributed around the centre of the
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translator, leading to a further reduction in the structural material used. The stationary
aluminium translator support highlighted in pink in Figure 7.7 is designed for the purpose of
providing paths for movements of wheel roller bearings, which are sandwiched between the

movable and stationary aluminium support. The mass of active parts are listed in Table 7.5.

E-core

Design D

Laminated
translator

Non-magnetic
stainless steel

translator
stationary
aluminium
support

Wheel
bearing

Translator movable
aluminium support

(b)
airgap

Stator aluminium
support
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Laminated stator

Laminated translator

Translator stationary
aluminium support

Figure 7. 7: Design D structure (a) top view (b) 3D rendered view (c) side view (d) winding
configuration described in section 7.3

Table 7. 5: Mass of design D

Item Mass Unit
Magnets 33.6 kg
Copper 276 kg
Laminated stator 540 kg
Laminated translator 465 kg
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7.5.5 DesignE

This design has a double-sided stature in which an octagon-shaped translator is
sandwiched between two octagon-shaped stators as illustrated in Figure 7.8. The width of
the octagon-shaped structure was designed based on the available space within the hull
occupied by the LPMG-UU [123]. There are four stator modules placed with respect to one
another in the direction of motion such that they are displaced by a distance satisfying (8.1).
The number of these modules was selected based on the required force. Each side of the
octagon represents an individual double-sided VCP machine. The total height of the
translator is 2048mm, and the overall translator mass is 438kg. The predicted mass for all
active components are listed in Table 7.6. A number of Linear Ball Bushing bearings were
integrated into junctions located within each edge of the octagon-shaped structure, which are
capable of supporting linear motion over the likely annual distance travelled by WECs. The
following advantages are expected to be obtained from this design.

e This design provides a large free space in the centre, which can be exploited to
house the converter components.

e The machine can be assembled and dissembled as individual machines, in which
each machine represents one side of the overall octagon-shaped structure, which
contains an individual double-sided CVP machine.

e This configuration has eight-sided structure hence is anticipated to behave as

tubular machine in terms of attraction and cogging forces [75].
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Design E
Laminated translator
E-core
airgap
bearing
Non-magnetic
stainless steel
Inner stator aluminium
support
outer stator aluminium
support
Figure 7. 8: Design E structure (a) top view (b) 3D rendered view
Table 7. 6: Mass of design E
Item Mass Unit
Magnets 33.6 kg
Copper 317 kg
Laminated stator 540 kg
Laminated translator 438 kg

7.6 Comparison of Mass and Cost of Active Materials

Table 7.7 gives a summary of the alternative machines and the number of modules which
would be required to provide comparable machine for the LPMG-UU. It can be seen that all
the five designs require the same amount of PM to react the same force in which the designs
B, C and E have the same translator and stator vertical length, while designs A and D have a
25.8% and 13% longer stator and translator vertical length, respectively in comparison with
the former designs. Although design A has the lowest number of stator modules and end

windings, it needs a large amount of electrical steel sheets compared to the other designs.
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Moreover, making the stator windings can be an issue due to the extended axial length and
small slot area.

Figure 7.9 allows a direct comparison of the five investigated configurations in terms of
mass and approximate active materials’ costs, which were estimated based on [131, 132],
based on the raw material prices in December 2018 as given in Table 7.8. Comparison of the
mass of copper and PM material used in each machines is more reliable. In fact these prices
vary depending on the quantity of materials and the date of purchase, but the relative price
between the five configurations would likely remain the same. It is shown that design B, C
and E have the total active mass, but it is expected that design E will place less demands on
the support structure. In addition, the latter configuration acts as tubular machine in which
the unwanted forces such as cogging and closing airgap forces can be reduced as verified in
[75].

Comparison results imply that the proposed design E with double-sided octagon-shaped
structure is more promising for a large-scale UU-WEC in terms of both physical parameters

and economics.

Table 7. 7: Comparison between five configurations

Design Type A B C D E
Number of modules/ layer 1 8 8 8 8
Number of modules/ side 5 4 4 5 4
Total number of modules 5 32 32 40 32
Stator vertical height [mm] 1288 1024 1024 1288 1024
Translator vertical height [mm] 2312 2048 2048 2312 2048
Mass of the laminated stator [kg] 540 540 540 540 540
Mass of the laminated translator

1007 438 438 770 438

[ka]
Copper mass [kg] 213 317 317 276 317
PM mass [kg] 33.6 33.6 33.6 33.6 33.6
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Table 7. 8: Material prices used in cost analysis

Design Type Cost
(£)
PM 65.3
Copper 5.55
Electrical steel 4

Mass & cost comparison
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2000 \ ;,‘ \ 9000
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2 1500 \ ’ N 8500 %
= \ / \ o )
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1000 . -— e 2000 stator mass
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0 7000
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Design type

Figure 7. 9: Mass and cost comparison

7.7 Conclusion

Five possible configurations of a large-scale version of the VCP machine have been
presented, capable of reacting the maximum force required by the LPMG used in the UU-
WEC. These configurations have been compared in terms of size, mass of the active
materials and the associated cost. The results reveal that design E is considered as the most
promising alternative for the UU-WEC in terms of active mass, cost and the expected
required structural support. It is also demonstrated that by employing the nominated

configuration for use in the UU-WEC the following advantages can be obtained:
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The translator and stator vertical length can be reduced by 32% and 48%, respectively
compared to the LPMG-UU, which in turn may lead to a significant reduction in the
machine overall size and cost.

The translator active mass represents only 16.2% of that used in LPMG-UU.

The PMs are mounted on the stator hence the issue of mechanical integrity and
thermal instability can be avoided.

The proposed design requires only 33.6kg of PM to react the same force of that of
the LPMG-UU.

Small PM blocks can used compared to that adopted in the LPMG-UU; they are much

easier for manufacturing and handling.
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Chapter 8. Conclusion and Future Work

8.1 Introduction

The question posed at the start of this work was whether it is possible to design a Linear
Vernier Hybrid Machine in order to maximise its utility/performance for direct drive wave
energy applications. Using consequent pole structure has been shown to reduce the pole-to-
pole leakage flux resulting in an increased force density of the Linear Vernier Hybrid
Machine. This means that by careful design a feasible machine is possible. This has since
been constructed and successfully tested.

There has been a particular focus on the power factor improvement without increasing
the magnet mass taking into consideration the complexity of manufacturing and cogging
force. By examining new configurations of PM arrays this aim was achieved and two
machines with high force density and improved efficiency have been designed and analysed.
The V-shape Consequent Pole machine has been built and tested in the laboratory due to its
simple structure and exhibited cogging force compared to the V-shape machine. However,
the work presented in this thesis on V-shape non-consequent pole machine is in the early
stages of development and it would be interesting to verify the obtained simulated results
through experiment. Therefore, strong recommendations and a more formed plan are given

of further VV-shape research for the next PhD student.

Further improvements to the VV-shape Consequent Pole topology have been explored,

which can provide a machine suitable for real world applications.

8.2Chapter / Results Summary

An introduction to the importance of wave energy exploitation has been presented in
Chapter 1. The aim of the research, study objectives and contribution to the knowledge have
also been highlighted.

In Chapter 2, the idea, need and history of utilising energy from ocean waves have
been introduced. An overview of the most common existing technologies of wave energy
converters has been provided, which are driven through mechanical intermediates such as
pneumatic or hydraulic systems, or can be directly driven by a linear generator. The
classifications of these devices based on wave direction and operation principle have been

discussed. Furthermore, different types of power take-off systems have been introduced and
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described. It is shown that development of linear machines to facilitate direct drive power
take-off is advantageous but can only be achieved if machines optimised for low speed are
developed.

The general layout of linear machines has been also explained in this Chapter. Details
have been given of conventional linear induction machines, linear PM synchronous
machines, linear variable reluctance PM machines and linear tubular PM machines, and a
discussion outlining some of their benefits and drawbacks has taken place. The ease of
manufacturing processes along with the rigidity of the translator have been considered.
Finally, despite the intense competition between the members of the family of the variable
reluctance PM machines, the double-sided linear Vernier hybrid machine has simple
structure where both magnets and windings are mounted in the stator, while the robust
translator consists of iron. Although this machine suffers from low power factor, the
converter appears to be much cheaper than the low speed direct-drive machine. The flux
concentration effect can be exploit to improve the no-load airgap flux density. Hence, this
method has been shown to improve the power factor without increasing the magnet mass by
adopting a topology that is capable of providing a flux concentration effect, i.e V-shape PM
array. Therefore, it is worthwhile to investigate this topology further. Chapters 3 and 4
investigated this type of electrical machine for the purposes of improving the magnet
utilisation and operating power factor.

In Chapter 3 the development of the linear Vernier hybrid machine including C-core
and E-core structures has been detailed. The Chapter commenced with the description of the
proposed C-core Inset Magnet Consequent Pole machine along with its operation principle.
The implementation of the tapered ferromagnetic poles has been investigated and it has been
shown that this technique is capable of reducing the pole-to-pole leakage flux and enhancing
the main flux. Based on FEA the C-core Inset Magnet Consequent Pole machine has been
optimised and analysed with the aim of improving the machine electromagnetic
performance. It seems from the FEA simulations that the C-core Inset Magnet Consequent
Pole machine can offer 50% higher thrust force, 37% higher power factor and exhibit 75.6%
lower cogging force compared to the baseline Linear Vernier Hybrid Machine.

The C-core Inset Magnet Consequent pole machine has been further developed and
converted to another version known as an E-core Inset Magnet Consequent Pole machine to
facilitate the mechanical integrity by reducing the number of active parts, i.e. stator cores

and shorten the active length. The results of the analysis show that the latter machine is
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capable of delivering 23% higher force per machine mass owing to 18.5% saving in the
overall mass, indicating that this machine is the most promising design.

The final Inset Magnet Consequent Pole design which has less number of components
has been optimised and analysed for the purpose of further facilitating the manufacturing
processes. The FEA simulations reveal that the proposed Inset Magnet Consequent Pole
machine can offer a simple structure showing that this machine is suitable for low speed high
force applications. This work provides a foundation for the investigation of modifications to
the design and of new machines, which is the aim of the proceeding Chapter. Chapter 4 also
introduced a further investigation on the Inset Magnet Consequent Pole machine including
the force density, shear stress, attraction force and electrical efficiency. To facilitate ease of
manufacturing and testing, a small prototype has been designed and built to validate the
predicted results. A deeper discussion of the machine manufacturing and assembly processes
as well as the experimental tests was presented in Chapters 5 and 6.

A second strand of the research work presented in this thesis focussed on extending the
development of the Inset Magnet Consequent Pole machine introduced in Chapter 3. In
Chapter 4, two novel topologies of the linear Vernier hybrid machine with different PM
configurations known as the V-shape and V-shape Consequent Pole machines have been
proposed, analysed and compared to the Inset Magnet Consequent Pole machine. The
research initially looked at the optimisation of the new configurations and at how the
electromagnetic performance and the electrical power factor could be improved without
compromising the PM and overall machine volume. The flux concentration effect is the
distinctive feature of the proposed topologies, in which 43.5% and 29.4% higher airgap flux
density has been achieved by the V-shape and V-shape Consequent Pole machines
respectively, compared to the Inset Magnet Consequent Pole machine, which resulted in
power factor improvement of 40% and 28% for the former and latter machines, respectively.

A more in-depth comparison between these machines and the Inset Magnet Consequent
Pole machine described in Chapter 3 has been made, based on the electromagnetic and
electrical performances. The obtained results indicated that the V-shape topology is superior
to the other machines in terms of no-load back EMF, force density and efficiency. However,
this machine was shown to exhibit higher cogging force and require a double number of PMs
and triangular iron spacers than that of the V-shape Consequent Pole machine, making the
V-shape machine more complex in terms of manufacturing. This is due to the removal of the
iron ribs which influences the triangular iron spacers to be constructed and assembled as

individual parts.
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Prototypes of the V-shape Consequent Pole and Inset Magnet Consequent Pole were
built and demonstrated in the laboratory. Even though the V-shape machine has the
superiority to the other machines, consideration has been given to the V-shape Consequent
Pole Machine for the following reasons:

e The V-shape Consequent Pole machine has the advantage of a reduced number of
components when building the prototype, i.e. a 50% less number of PMs and triangle
iron spacers are required in the selected topology compared to its V-shape
counterpart, which would therefore facilitate the complex manufacturing processes.

e The cogging force produced by the V-shape Consequent Pole machines is 32% lower
than that of the V-shape machine.

e The closing airgap force felt by the translator of the V-shape Consequent Pole
machine is 4.4% lower than that of the V-shape machine.

e The power factor achieved by this machine represents 93% of that obtained by the V-
shape machine.

e The force density is only 8.8% lower than that of the VV-shape machine.

A detailed description of the manufacturing and assembly processes of the prototype
machines along with the development of the required test rig has been given in Chapter
5. An aluminium housing structure has been introduced, allowing the two prototypes to
share the same stationary aluminium frame and translator. This contributed to a reduction
in the materials required for construction and hence the associated costs. Another feature
of the proposed aluminium housing is the possibility of adjusting the mechanical airgap
by controlling the adjustable screws attached to the aluminium stator supports on both
sides. The translator has been assembled using a non-magnetic material known as Tufnol
along with a number of carbon fibre rods. The use of these materials resulted in a rigid
and light supportive structure enabling the design of a thinner translator core back, which
represents only10% of that adopted in [2]. Two Linear guides and six carriages have been
used offering smooth movement and are capable of reacting to any potential attraction
forces without overloading the bearings set. Finally, each prototype has been connected
to a ball screw actuator through a stainless steel shaft to form the complete test rig, which
has been used in experimental validations covered in Chapter 6.

In Chapter 6, a series of experimental tests of the two prototypes is detailed and the

results have been compared with the simulation data in order to complete the investigation.
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The prototypes have been directly driven by a ball screw actuator with a limited maximum
velocity of 0.3m/s, which in turn hindered the author from proving an accurate validity of
these prototypes. The measured results have been used to verify the predicted results and a
good correlation was established between both results. Errors of 7% and 6.5% have been
shown between the measured and predicted back EMF for the inset magnet consequent pole
and V-shape consequent pole machines, respectively. The discrepancy between simulation
and measured results is potentially attributable to the end effect, material and mechanical
errors. Both prototypes had the same volume and almost the same mass therefore the
proposed V-shape consequent pole machine would have higher force density and higher
force per active volume. In addition, due to the 30% reduction in the THD the proposed V-
shape consequent pole machine has a very sinusoidal back EMF and exhibits 17.2% lower
cogging force. The final results of the two proposed prototypes are shown in Table 8.1, which
confirmed the superiority of the VV-shape consequent pole prototype in terms of no-load back

EMF, cogging force, static DC force, output power and power factor.

Table 8. 1: Summary of the performance comparison for IMCP and VCP machines

IMCP VCP
FEA Exp. Error[%] FEA Exp. Error[%]
Peak back EMF [V] 15.3 14.2 7 182 17 6.6
pk-pk cogging force [N] 62 58 6.4 51 48 5.9
Peak DC force [N] at 10A 721 652 9.5 805 763 5.2
Output power at 0.3m/s - 64 - - 73 -
Power factor 0.5 0.5 - 0.65 0.63 3

Due to speed limitations of the actuator, the predicted electromagnetic performances
discussed in Chapters 3 and 4 have not been achieved and not properly validated.

In Chapter 7, the intention of the author was to scale-up the V-shape consequent pole
machine developed in Chapters 4 and validated in Chapter 6 to new designs, which can be
used as alternative large scale machines for a 30kW generator was developed by Uppsala
University. Different support structures and layouts have been proposed and assessed for the
aim of reducing the translator mass and overall machine size. The estimated costs for the
material required to build these designs have been provided. One design has been finally

nominated as the most suitable option for this application, design E. The results show that
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by employing the nominated configuration for use in the UU-WEC the following advantages
can be obtained:

e Thetranslator and stator vertical length can be reduced by 32% and 48%, respectively
compared to the LPMG-UU, which in turn may lead to a significant reduction in the
machine overall size and cost.

e The translator active mass represents only 16.2% of that used in LPMG-UU.

e The PMs are mounted on the stator hence the issue of mechanical integrity and
thermal instability can be avoided.

e The proposed design requires only 33.6kg of PM to react the same force of that of
the LPMG-UU.

e Small PM blocks can used compared to that adopted in the LPMG-UU; they are much

easier for manufacturing and handling.

8.3 Suggestions for Future Work

This thesis described the author's work in the continued development of the Linear
Vernier Hybrid Machine. The machines investigated here are the subjects of continued
research in this field. In this section, several potential ways for further work are concisely
discussed under five headings. Firstly, further work concerning V-shape non-consequent
pole machine is mentioned with particular reference to the direct drive wave energy
converters. Secondly, further work concerning the proposed Inset Magnet Consequent Pole
machine is discussed. Thirdly, further work focusing on the V-shape Consequent Pole
machine is suggested. Finally, potential areas for extending the case study covered in Chapter
7 are provided.

8.3.1 The V-shape Machine
A number of potential avenues for further work related to the V-shape machine are

summarised below:

1. An investigation looking at the possible improvement of manufacturing the V-shape
machine presented in Chapter 4. This might be achieved by looking at different PM
configurations, for example, by adopting a combination of V-shaped PM arrays with and
without ribs. The result is half of the triangular-shaped segments can be attached to the
stator tooth through the iron ribs, which in turn can improve the rigidity of the machine.

2. An investigation into the effect of the PM volume, i.e. re-optimising the PM dimensions

and the V-angle of the V-shape PM arrays in the absence of the restrictions on PM
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volume described in Chapter 4, allowing future authors to add more PM volume based
on the expected optimal performance.

3. An investigation of cogging force and force ripple reduction which could be achieved by
looking at the technique proposed in [97], or by re-optimising the Ciip and Croot, Which

identified in Chapter 3 to see the effect of the dimensions of the translator tooth.

8.3.2 The Inset Magnet Consequent Pole Machine

The work presented in Chapter 3 focused generally on the electromagnetic design of the
Inset Magnet Consequent Pole machine. This is satisfactory because of the small size Inset
Magnet Consequent Pole prototype. However, for a large scale Inset Magnet Consequent
Pole machine, this is a need to develop a comprehensive mechanical design and optimisation
methodology to further minimise structural material. This should include both the structural
and thermal design of the Inset Magnet Consequent Pole machine, and should if possible, be
incorporated with the electromagnetic design optimisation as is conducted in [133].

This machine has been proposed for the purpose of minimising the magnet mass without
sacrificing the machine’s electromagnetic performance. This goal has been successfully
achieved by designing the machine using the FEA, and validating the predicted results by
constructing the prototype. However, there is room for further analysis based on magnetic
circuit in order to assess the effect of the tapered ferromagnetic poles in comparison to the
rectangular ferromagnetic poles.

The thickness of the translator core back represents only 10% of that used in [2]. This
indicates that there is a need to perform mechanical analysis investigating the effect of the
translator thickness, for example, to evaluate the influence of the potential attraction force
on the translator and deflection that might be caused using a general-purpose software
package such as ANSYS. These investigations can be also applied to the mechanical
bearings.

Further mechanical tests focusing on the machine assembly, including varying the airgap
length to obtain unequal airgaps can be conducted. This would allow the researcher to
experimentally investigate the effect of the attraction force either on the stator or stator

structural support under different excitation currents, which can result in structural failures.
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8.3.3 The V-shape Consequent Pole Machine

The work carried out on V-shape Consequent Pole machine can be extended in three
areas:

1. Further investigation on PM volume which was held constant during the optimisation
performed in Chapter 4 might result in a further improvement of the machine’s
electromagnetic performance and the airgap flux density and hence the power factor,
for example, by increasing the PM width without considering its volume, this would
allow more flux to be concentrated into the airgap.

2. Extending the optimisation of the translator parameters could lead to a further
reduction of the unwanted cogging force.

3. An investigation of the cogging force and force ripple reduction which could be
achieved by looking at the technique proposed in [97], or by re-optimising the Ciip
and Croot, Which identified in Chapter 3 to see the effect of the dimensions of the

translator tooth.

8.3.4 Case Study

Further investigations can be carried out to extend the case study covered in Chapter 7,

this may include:

1.

A small scale of the optimal design with a multiple-sided structure described earlier in
Chapter 7 is suggested to be simulated using FEA to predict the machine characteristics
such as cogging force and static force. This would provide material for predicting the
performance of the large scale machine.

Studies to investigate the mechanical structure that consider the rigidity and stiffness of
the system and detailed mechanical analyses of the deflection using a software package
such as ANSYS. The proposed designs should also be further investigated and compared
when inactive material is included in the mechanical analysis.

Detailed analyses that consider the effects of different types of bearings and guides on
machine behaviour.

Investigation into using the cable winding that was adopted in linear generator
developed by Uppsala University on the proposed designs and the relative impact on the
construction cost.

Further work should investigate which structures give the best stiffness/mass

characteristics.
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Appendix A: CAD Drawings
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Appendix A: CAD Drawings
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Appendix B: Glue Datasheet

Appendix B: Glue Datasheet

HUNTSMAN

Enriching lives throwgh innovation

Advanced Materials

Araldite® LY 5052 / Aradur® 5052*

COLD CURING EPOXY SYSTEMS

Araldite™ LY 5052 is a low viscosity epoxy resin
Aradur® 5052 is a mixture of polyaminas

APPLICATIONS Aerospace and industrial composites, tooling, aircraft repair.

PROPERTIES .

Low viscosity, easy impregnation of reinforcement materials.

Long potlife (2 hours for 100 ml at ambient), ample processing time allows
production of big objects.

High temperature resistance (glass transition tamperature) aftar ambiant cure:
60 °C, after post-cure at 100:120 =C.

Excellant mechanical and dynamic properties after ambient cure with potential
for even higher properties after post-cure at elevated temperatures.

Also laminates show outstanding mechanical and dynamic properties. This
systam is qualified by the Luftfahribundesamt (German Aircraft Authority) for the
production of gliders.

Adequate skin protection is indispansabla.

PROCESSING + Wol lay-up
* Resin Transfer Moulding (RTM)
* Pressure Moulding
+ Filameant Winding

PRODUCT DATA Araldite” LY 5052
Aspect (visual) clear liquid
Viscosity at 25 °C (150 12058-1) 1000 — 1500 ** [mPa s]
Density at 25 °C (130 1675) 117 [g.-'{:rn“]
Epoxide index (150 3001) 6.65—-6.85"" [Egkgl
Aradur” 5052
Aspact (visual) clear liquid
Viscosity at 25 °C (150 12058-1) 40 — 60 [mPa s]
Density at 25 °C {150 1675) 0.94 [g.-'c:rn“]
Amine value (IS0 9702) 955-075" [Eq’kg]

** Spedfied datz sre on 2 reguisr basis anaysed. Data which is described in this document as Typical” is not analysed on a reguiar basis
and is given for informaftion purposes onfy. Dafa values are not guaranfeed or waranted unfess if specifically mentioned

STORAGE Provided that the products described above are stored in a dry place in their original,
propery closed containers at the above mentioned storage temperatures they will
have the shelf lives indicated on the labels.

Partly emptied containers should be closad immediately after use.
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Appendix B: Glue Datasheet

HUNTSMAN

Enriching lives throwah innovatior

PROPERTIES OF THE CURED, NEAT FORMULATION

GLASS TRANSITION  Cure: Tz onsat y T Tafid
TEMPERATURE 2 days 25 G B0 - 52 52-585
(10 11357-2, 8 days 25 'C 60 - 64 62- B6
DSC, 10 K/MIN) 4 month 23 *C 64 - 6B &7 -71
1day232 C +10h40 %C 6B-T2 70-76
1day 23 C+20h40 °C T2-T6 74- 80
1day23 C+10h50°C TE-82 80- B85
1day23 %C +15h50 °C 81-85 B2- B8
1day23 °C+10h60 °C 92 - 96 94 - 104
1day 232 C +15h60 °C 04 - 98 98- 106
1day23 C+2h80 °C 106 - 110 108- 114
1day23 C+8h80 °C 112- 116 114-122
1day23 C+1h30 °C 104 - 108 108- 118
1day23 C+4h30 °C 112- 116 116- 128
1day23 %C+1h100 °C 116-120 118- 130
1day232 %C +4h100 %C 118- 124 120- 134
Even if post-cured at elovated
temperature after a prolonged
cure at ambiant, a good incraase
of the glass transition temperature
is obtained as follows :
4 months 23 °C +4h 130 iC 106- 112 120~ 132
TEMSILE TEST Cure: Fdays AT 15h50 T GhE0 T
(150 527) Tensile strength MPay 49-71 82 - 86 B4- 86
Elongation at tensile strangth [%] 1.5-25 3.1-37 57-549
Ultimate strength IMPa) 48- 71 a0-83 80- B4
Ultimate elongation M'Ff’""' 1.5-2.5 35-55 7.0-85
Tonsile modulus IMFal 2380- 3550 2450- 3650 2000 - 3200
FLEXURAL TEST Curs: I5h50 T 8hE0 T
(150 178) Flexural strength [MPa) 130- 140 116- 122
Elongation at flaxural strength (%] 58-63 6.5-7.2
Ultimate strength [MPa] 90- 115 B7 - 113
Ulitimate alongation (%] 8.0-95 85-134
Flaxural modulus [MPa) 3000- 2200 2700 - 2000
FRACTURE Cure: ShE0 T
PROPERTIES Fracture toughness K,; MPaym) 0.77-0.83
BEMD MOTCH TEST Fracture anargy G”: [M¥m®) 192 - 212
(150 13588)
WATER Immersion: Cura: 7 days AT 8hE0 T
ABSORPTION 4 days H.O 23 °C %] 045-050 040-045
(IS0 62) 10 days H:0 22 %] 070-0.80 0.65-0.70
30 min Hz0 100 °C 'gf" 055-0.60 0.45-0.50
60 min H,0 100 °C =l 070-080 060- 070
COEFFICIENT OF Mean valus: Cura: FdRAT 15h50 © ShE0 T
LINEAR THERMAL o from 20 - 50 °C [10°5K] a7 - -
EXPANSION o from 20 - 90 °C [10°%K] - 71 -
(IS0 11359-2) e from 20 - 120 [10°K] - - 71
POISONS'S RATIO vl 0.35
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Appendix C: Tufnol Datasheet

Direct

Plastics

Tufnol Whale

SREF - Synthetic resin Bonded Fabric

Medium weave cotton/phenolic resin laminate :
Colour: Natural (brown) Materlal Data‘ Sheet

Density: 1.36(sheet) 1.35(rod) /em®

Cross breaking strength 130 MPa
Charpy impact strength (notched) 115 kl/m*
Compressive strength (flatwise) 310 MPa
Compressive strength (edgewise) 200 MPa
Shear strength (flatwise) a0 MPa
Tensile strength 68 MPa
Young's modulus 6.3 GPa

L ThermalProperties | _ Value | ____ Unit

Maximum working temperature — continuous 120 C
Maximum working temperature — intermittent 130 *C
Thermal classification E
Thermal conductivity through laminae 0.32 W /imEK)
Thermal expansion in plane of laminae 22 ¥105/K
Specific heat 15 kJf(kgk)
| Electricalproperties [ Value | Unit |
Insulation resistance after immersion in water 1x10° 01 (ohms)
Electric strength (edgewise in oil @ 90°C) 12 kv
Electric strength (flatwise in oil @ 90°C) 1.6mm thk. 4.5 MV/m
Electric strength (flatwise in oil @ 90°C) 3mm thk. 26 MV/m
Electric strength (flatwise in oil @ 90°C) 6mm thk. 20 MV/m

Other Properties ____ Value | Unit |

Water absorption 1.6mm thk. 30 Mg
Water absorption 3mm thk. 105 Mg
Water absorption 6mm thk. 130 Mg
Water absorption 12mm thk. 160 Mg
Water absorption (rod) 33 Mg/cm?

Sheet - BS EN 60893-3-4 Type PF CC 203
Rod - BS EN 61212-3-3 Type PF CC 42

=3
CF=
- .
Direct Plastics Ltd. Unit 14 Portland Business Park, Richmond Park Road, Sheffield, 513 BHS
The folbywing information corresponds with our current knowledge and indicates our products and possible
applications. We cannot give a legally binding guarantes of certain properties or the suitability for a specific application. Existing commerdal patents
st be obeerved A definitive quality guarantes is given in our general

conditions af sales. Unless otherwise stated, these values repressnt averages tken from injection moulding samples.
We reserve the right of technical alterations.
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Appendix D: Carbon Fibre Rod Datasheet

Appendix D: Carbon Fibre Rod Datasheet

| %

g GBP % - Q w Basket
“!Pe'nightc“k Prices shown include VAT

RCModels *+ Servos v  Electronics *  Powertrains *  Bags *  Materisls +  Other »  Parts *  Help «

Description

4.0 mm diameter high modulus carbon fiber rod available in various lengths. These
pultruded carbon fiber composite rods have a high fibre content of high modulus carbon in
an epoxy matrix, making them extremely rigid and strong.

Select the required length using the radio buttons below the price.

4.0 mm Carbon Fiber Rod Specification

Diameter 4.0 mm

Weight per m | 18 g per meter
| Length | See the options below the price
| Structural material | T300 carbon fibers

Matrix | Epoxy resin

Carbon content | Approx. 60%

Youngs Modulus | 230 GPa

Ultimate tensile strength | 1600-2300 mPa
Fibre density 1.4-1.8g/cm3
Resin glass transition Tg | 170°C

Packing type Rigid-usually sent in a postal tube
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Appendix E: Linear Guideway Datasheet

Appendix E: Linear Guideway Datasheet

Unflanged Carriages - Low Linear Guideways

with retained ball cage

Crenamic Stakic load

Order No. 3, 4 s ‘% ok | ettt | Wt o
L1016.UL30 Ma &0 150 ML 37 3E 55,50 718 560 560
L1016.UL30-L Ma 8,0 140 MExLD 48,35 71,88 931 836 836
L1016 UL30-XL Ma 90 140 MExLD 5383 88,18 1142 1361 1361
L1016.UL35-5 Ma 8,0 140 MELD 2672 41,43 655 75 7
L1016.UL35 Ma 80 140 MEx1,0 5331 82,56 1307 o1 591
L1016 UL35-L Ma 50 140 ML 0 66,61 10329 1633 1424 14924
L1016.UL35-XL Ma 8,0 140 MExL,D 7320 127,68 2000 2330 330
L1016 ULYS M0 140 mo MEx1 25 7514 111,30 2353 1558 1558
L1016.UL45-L M10 14,0 0 M1, 25 86,90 132,38 2708 Fre ) 2170
L1016 ULS5-XL Min 140 .0 Maxd, 25 100,52 166,87 3527 3455 3455
L1016.UL5S M1z 16,0 3,0 MBx1, 25 8826 136,62 3385 2351 2361
L1016 ULSS-L Miz2 16,0 30 MEx1 25 115,10 183,14 4533 4302 4202
L1016.UL55-XL M1z 16,0 230 Mil1, 28 161,43 258,71 6430 6617 6617

Tel: 01483 26 67 74  Email: info@automotioncomponents.co.uk AUTOMOTION
Fax: 01483 26 67 75 Web: automotioncomponents.co.uk COMPONGNTS
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Appendix E: Linear Guideway Datasheet

Unflanged Carriages - Low

with retained ball cage

i

1

[=8
s

_ o
s

e, SN

standard / long : lg I

P -~ L1016.UL

Material Select the size and number of Standard preload carriages are K, {no
carriages to suit the required load preload) or K, (0,02 x dynamic load
Hardened and ground steel. then select the required rail length, capacity). Other preloads available an
Technical notes (see part nos. L1016.15 through to request,
L10156.55).

S Pt I (N O B B A S A PR % S N T (RO (R R (e
L1016.UL15-5 15 |24 | 34 | 406 | 33 | 48 | 130 | 60 | 55 | 26 | 15| 95 | 222 | - | 50 | 60 | 200 | 0,10
L1016.UL15 15 | 24 | 34 | s86 | 33 | 48 | 130 | 60 | 55 |26 | 15| 95 | 402 |26 | 50 | 60 | 200 | 047
L1016.UL15-L 15| 24| 34 | 661 | 30 | 48 | 130 60 | 55 |26 | 15| a5 | 477 |26 | 50 | 60 | mo | 0,18
L1016.UL20-5 20|28 | a2 | 483 | 45 | 55 |63 85 | 51 | 2|20 | 0| 275 | - | 158 | s0 | 200 | 027
L1016.UL20 20|28 | 42 | 693 | 45 |55 | 153 | 85 | 71 | 32| 20| 11,0 485 |3 | 156 | 60 | 200 | 026
L1016.U125-5 25 |33 | 48 | 540 | 58 |68 | 192 | o0 | 72 |35 | 23| 25| 333 | - | 156 | 60 | 200 | 021
L1016.UL25 25 |33 | 48 | 702 | 5@ |68 | 192 | o0 | 72 |35 | 23| 125| 575 |38 | 156 | 60 | 200 | 03
L1016.UL30-5 30 |42 |60 | 642 | 70 |00 | 228 | 120 |00 |40 | 28 | 160 | 372 | - | 156 | 80 | 200 | 050
L1016.UL30 30 |42 |60 | e48 | 70 |00 | 228 | 120 | w0 |40 | 28 | 160 | 678 |40 | 156 | 80 | 200 | 080
L1016.UL30-L 30 | 42| 60 | w050 | 70 [ 100 | 228 | 120 | 100 |40 | 28 | 160 | 780 |40 | 155 | 80 | 200 | 094
L1016.UL30-XL 30 |42 | 60 | 1305 | 70 | 100 | 228 | 120 | 100 |40 | 28 | 160 | 1035 |60 | 156 | 80 | 200 | 1,16
L1016.UL35-5 35 |48 | 70 | 755 | 75 | 100 | 250 | 120 | 10,5 | 50 | 34 | 180 | 445 | - | 150 | 80 | 200 | 080
L1016.UL35 35 |48 | 70 | 115 | 78 |00 | 2650 | 120 | 10,5 | s0 | 34 | 180 | 805 | s0 | 160 | 80 | 200 | 1,20
L1016.UL35-L 35 |48 | 70 | 1235 | 75 | 100 [ 250 | 120 | 10,5 | 50 | 34 | 180 | S5 | BO | 160 | 80 | 200 | 140
L1016.UL35-XL a5 |48 | 70 | 1535 | 75 w00 | 2650 | 120 | 10,5 | s0 | 34 | 180 | 1225 | 72 | 160 | 80 | mo | 1,84
L1016.UL45 45 |60 | a6 | 1200 | a9 | 155 | 3,1 | 170 | 144 | 60 | 45 | 05 | e40 |60 | 160 | 105 | 225 | 1,64
L1016.UL45-L 45 | 60 | 86 | 1450 | a9 [ 155 | 3,1 | 170 | 144 | 60 | 45 | 205 | 1100 | 60 | 160 | 105 | 25 | 1,98
L1016.UL45-XL 45 |60 | 88 | 1740 | 89 | 155 | 3,1 | 170 | 144 | 60 | 45 | 205 | 1300 | B0 | 160 | 05 | 25 | 242
L1016.UL55 55 | 70 | w0 | 1550 | 127 [ 80 | s80 | 200 | 140 | 75 | 53 | 235 | 1160 | 75 | 160 | 120 | 0 | 267
L1016.UL55-L 55 | 70 | 100 | 1930 | 127 | 180 | 380 | 200 | 140 | 75 235 | 1540 | 75 | 160 | 120 | 300 | 357
L1016.UL55-XL 55 | 70 | 10 | 2100 | 127 [ 180 | 380 | 200 | 140 | 75 [ 53 | 235 [ 1710 [ o5 | 160 | 120 | mp | 397

i Static load

Order No. 4@ | & | 4 %W | e |cmeem | e | wk | e
L1016.UL15-5 M4 45 75 ME0,5 581 9,00 &9 @ 2
L1016.UL15 M4 45 75 M35 11,67 19,90 137 120 120
L1016.UL15-L M4 45 75 ME0,5 14,12 24,05 166 171 17
L1016.UL20-5 M5 60 95 MEL,0 925 1593 1498 6 6
L1016.UL20 M5 E0 95 MExL,0 17,98 30,96 289 24 24
L1016.U125-5 M& 7.0 11,0 MEx1,0 1287 21,34 230 103 103
L1016.UL25 ME 70 110 MEx1,0 2525 41,73 47 58 358
L1016.UL30-5 Ma S0 140 MBx1,0 1850 2751 356 153 153
Tel: 01483 26 67 74 Email: info@automotioncomponents.co.uk AUTOMOTION:®
Fax: 01483 26 67 75 Web: automotioncomponents.co.uk COMPONGENTS
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Appendix F: IMCP Machine Integrated with a Full Test Rig

Appendix F: IMCP Machine Integrated with a Full Test Rig
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