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Abstract

This is a thesis on co-design in wave energy, focused on exploring the importance of

designing the wave energy converter in conjunction with the applied power take-o� device,

such that a connection between each �eld may come together in a mutual bene�t to the

resultant product. The need arises from a disconnect in industry that leads to the device

and power take-o� to be researched or developed independently, with the two connected

later.

This thesis explores the problem space with a strong focus on directly driven generators

as the power take-o� technology selected. A case study is undertaken wherein a marinized

IPS buoy topology is developed to include a fully integrated direct drive generator in a

real wave resource location, with a methodology for the iterative design of a co-designed

direct drive IPS Buoy developed to aid in this task.

The case study is conducted with both parts of the wave energy converter in mind

and from a multiphysics perspective to include the wave resource, hydrodynamics, and

hydrostatics of the IPS Buoy, and the electrical performance of the generator.

Novel topologies of direct drive generators are compared for application into the de-

vice with geometric constraints applied for their comparison, and two levels of generator

integration into the converter are assessed.

This thesis attempts to showcase the challenges and bene�ts of co-design in wave en-

ergy converters, and it is hoped that being mindful of co-design may assist researchers and

developers to fail faster, and narrow their focus toward the most promising technologies

in the �eld so that wave energy can become commercially feasible sooner.
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Nomenclature

Abbreviations

AC Alternating Current

ACF Airgap Closing Force

DC Direct Current

DD Direct Drive / Directly Driven

EFM Electro-Motive Force

FEA Finite Element Analysis

FRM Flux Reversal Machine

GHG Greenhouse Gases

HRS Hydraulics Research Station

IPS Interproject Service

LCOE Levelized Cost of Energy

MMF Magnetomotive Force

NdFeB Neodymium Iron Boron

NNRCMP National Network of Regional Coastal Monitoring Programmes

OWC Oscillating Water Column

PF Power Factor

PM Permanent Magnet

PTO Power Take O�

RMSE Root Mean Squared Error

TFM Transverse Flux Machine

UK United Kingdom

VHM Vernier Hybrid Machine

VRM Vernier Reluctance Machine
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VRPM Variable Reluctance Permanent Magnet

WEC Wave Energy Converter

Symbols

ÿ Vertical acceleration

δ Displacement

ẏ Vertical velocity

λ Wavelength

µ0 Permeability of free space

ω Angular frequency

ϕ Phase angle

Ψ Flux linkage

ρ Density

σ Shear stress

τ Pitch width

τ Torque

A Area

B Flux density

C Damping coe�cient

cg Wave group velocity

cp Wave phase velocity

Cw Radiation damping coe�cient

E Energy

F Force

f Frequency

g Gravitational constant

Hd Water depth
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Hs Signi�cant wave height

I Current

J Current density

K Spring constant / electrical load

L Length

Ls Inductance

m Mass

me E�ective mass

P Power

pc Number of coil poles

pm Number of magnet poles

pr Number of rotor poles

R Reluctance

r Radius

T Period

Te Energy period

V Voltage

v Volume

X Inductance

y Vertical displacement

Z Impedance
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Chapter 1. Introduction

1.1 Problem Statement and Motivation

In the current time, it is wholly uncontroversial to state that the climate is at an unprece-

dented state. Extreme weather events of all types are steadily becoming more common-

place and governments across the world are driving changes to reverse climate damage.

Legislation such as the Climate Change Act [1] and the Paris Agreement [2] set the stage

for meaningful changes to be adopted.

Figure 1.1: Worldwide climate change laws per sector [3].

There are currently thousands of climate change laws and legislature across the world

as can be seen in �gure 1.1. What stands out is that the most heavily regulated sectors are

energy and transport. These two are the largest contributors of greenhouse gas (GHG)

emissions worldwide, as can be seen in �gure 1.2.

Because transportation and energy represent such a large share of GHG emissions,

they represent an excellent target for reduction through renewable energy resources. Great

e�orts are being made towards electri�cation of the transport sector, although case studies

[4] have shown that full electri�cation has a net positive e�ect on costs and emissions,

the success is dependent on the availability of renewable energy sources. It is essential

that local energy production can support the need of electric vehicles without impacting

decarbonisation of energy.

Traditional sources of renewable energies have become well-established and common-

place. As can be seen in �gure 1.3, wind energy accounts for a signi�cant portion of the

energy mix at 25%. However, except for nuclear, other low carbon resources have such a

small share at 6% that they don't even warrant a section on the chart.
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Figure 1.2: Worldwide emissions per sector [5].

The UK is uniquely placed in its ability to adopt marine-based renewable energies.

As a narrow island, there is no point within the nation more than 85 miles from the sea,

minimizing the distance from energy source to usage location. Furthermore, the position

of the island means it is in�uenced by both the Atlantic Ocean and the highly energetic

North Sea, placing it in multiple sea systems, yielding one of the highest wave energy

resources worldwide. Moreover, due to numerous water channels around the UK, these

areas have particularly high tidal-stream energy resources.

Due to its location, the UK has access to 50% of Europe's tidal energy resource and

a technical potential of 16 TWh/year [7], enabling up to 20% of the UK's energy to be

supplied by the sea.

Since the 1970s many researchers and industrialists have attempted to capture energy

from the sea waves and apply it as electrical power. However, many of the historical

wave energy ventures have ended without success, and contemporary devices exist on a

grant-to-grant basis. It remains this way after such a long time of research because of

�uctuating interest from governing bodies, and the challenge of manufacturing a device

that is economically viable and capable of surviving the hostile marine environment.

Current Wave Energy Converter (WEC) devices are found to be more successful in

their point absorber topology wherein the device dimensions are relatively small compared

to the wavelength, resembling a typical navigation buoy. However, it remains challenging

to convert the slow reciprocating energy of sea waves into electrical energy. The Power
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Figure 1.3: Energy mix in the UK during 2022 [6].

Take O� (PTO) is often ful�lled by gearing, hydraulic circuits, pumped storage, pneumatic

turbines, or various others; each e�ectively forming the role of intermediary and enabling

an interface with a conventional high-speed generator [8, 9, 10, 11]. But many of these

PTOs are formed of complex systems with high capital or operational costs; o�shore repair

events must be kept to a minimum to maintain an acceptable levelized cost of energy.

A simple solution to the problem is to move away from the concept of high-speed gen-

erators and adopt high-force and slow-speed generators that can be Directly Driven (DD)

by the wave and generate power without the need for intermediate power conversion. In

doing so, the power conversion steps from wave to wire are reduced to the bare minimum,

theoretically enabling a simpler drive train with fewer failure modes and loss mechanisms.

DD machines have been successfully proposed for electric propulsion and wind tur-

bines; however, for wave energy they are uniquely challenging to design due to the ex-

tremely low velocity of oscillation requiring a proportionally large force to be reacted for

the same power output.

In a fully realised DD WEC system, the WEC and the DD generator are closely and

irrevocably linked, but due to the interdisciplinary nature of the two, they are rarely

studied as one. The two must be researched together from the perspective of how the

PTO may be integrated into the WEC. This thesis seeks to bridge the gap between the

two �elds through a series of case studies linked together to propose a fully designed WEC

by asking the question:

�Why is it important to co-design the generator and wave energy device?�
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1.2 Aims and Objectives

The principal aim of this research project is to design and develop a fully marinized wave

energy converter with a co-designed all-electric direct drive power take-o� and propose a

design speci�cation for deployment in a real sea location.

The objectives of this research are to:

� Develop a multidisciplinary approach to WEC design.

� Fully integrate an all-electric direct drive power take-o� into a marinized wave energy

converter.

� Propose a fully designed and rated WEC, aimed for real sea deployment.

� Analyse variable reluctance permanent magnet machines for wave energy converters.

� Develop a mathematical model of a WEC and optimise it for peak power.

� Perform a comparative study between a Vernier Hybrid Machine (VHM) and a

Permanent Magnet Synchronous Machine (PMSM).

1.3 Thesis Overview

This thesis comprises various research areas split across several chapters. This section

provides a brief abstract of each chapter for the convenience of the reader. The chapters

are:

Chapter 2 This chapter provides a literature review of wave energy research, focusing on

WEC topologies, their power take-o� options, and the driving wave energy theory

behind them. In this review, the environmental, social, and material costs are

explored, and the challenges to wave energy are presented.

Chapter 3 The literature review is extended into this chapter, focusing instead on DD

machines, and is split into a separate chapter due to the multidisciplinary nature of

this thesis and the reasonable size constraints of a chapter. Here DD machine con-

cepts are introduced, and their unique considerations for wave energy are laid out.

Afterwards, topologies of DD machines appropriate for wave energy are introduced,

and the research surrounding them is explored. Finally, particular interest is given

to research into the structural mass of DD machines for wave energy.

Chapter 4 A rotary Vernier Hybrid Machine (VHM) and Flux Reversal Machine (FRM)

are compared for application into a real WEC. This chapter is resulting from a

project in partnership with Mocean Energy and funded by an Innovate UK Smart

Award. First, the deeper theory behind the VHM and FRM topologies is presented,

including valid con�gurations of the two machines. After, the process of constructing
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a modular VHM prototype is documented, and the challenges of modular machines

are discussed. Finite Element Analysis (FEA) models of the VHM and FRM are

then validated using prototype experimental data and compared for their suitability

as a PTO in the WEC. In the FEA comparison care is also given to understand

the impact of rotor teeth on the harmonic content of the airgap and its impact on

machine properties.

Chapter 5 A topology of WEC is selected, and a mathematical model is developed. The

chapter opens with the selection of a sea location wherein a proposed WEC will be

deployed. The wave resource at the selected location is analysed with real-time and

historical data from the site, and a target wave state is chosen for further investi-

gation. A mechanical model is developed for the WEC, and a hydrostatic model is

developed for a neutrally buoyant electric machine translator. An optimisation of

the mechanical model and PTO parameters is then performed.

Chapter 6 A design for a WEC with integrated PTO is proposed in this chapter, bring-

ing together �ndings from chapters 4 and 5 in the form of a case study. First, the

speci�cations and requirements of the case study are compiled from the conclusions

of chapter 5, while also giving some insight into the challenges of WEC co-design.

After, several variants of a linear tubular synchronous machine are compared, sub-

ject to the case study constraints. Next, the best-performing variant is used as a

baseline to consider the suitability of a VHM as the PTO topology in the WEC.

Lastly, the �nal WEC converter with fully integrated PTO is proposed.

Chapter 7 The thesis is concluded with a summary of the �ndings and proposals made

for the continuation of this research.

1.4 Published Works

� Lewis Chambers et al. �Comparison of the Flux Reversal and Vernier Hybrid Ma-

chine for a Hinged Wave Energy Converter�. In: 2021 IEEE Energy Conversion

Congress and Exposition (ECCE). IEEE. 2021, pp. 4016�4023

� NJ Baker et al. �Developing a direct drive power take o� for the mocean wave energy

converter�. In: 11th International Conference on Power Electronics, Machines and

Drives. IET, 2022

� Lewis Chambers and Nick J Baker. �Developing a direct drive generator for a heav-

ing IPS buoy�. In: 11th International Conference on Renewable Power Generation

- Meeting net zero carbon. IET, 2022

� Nick J Baker et al. �Development of a direct drive power take o� system for a

hinged wave energy converter�. In: 11th International Conference on Renewable
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Power Generation-Meeting net zero carbon (RPG 2022). Vol. 2022. IET. 2022,

pp. 28�32

� Nick Baker, Lewis Chambers, and Serkan Turkmen. �Design of an integrated gen-

erator and heaving buoy�. In: Proceedings of the European Wave and Tidal Energy

Conference. Vol. 15. 2023

� Lewis Chambers and Nick J Baker. �Designing an Integrated Generator for a Wave

Energy Converter�. In: 2023 IEEE International Electric Machines & Drives Con-

ference (IEMDC). IEEE. 2023, pp. 1�7
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Chapter 2. Wave Energy

2.1 Introduction

2.1.1 Scope

The purpose of this chapter is to provide a thorough review of wave energy, its current

state of the art, and where it may be heading in the future. As wave energy is a relatively

recent �eld of study and development; it is also important to understand its history and

the social, political, and environmental factors that have shaped it to this day.

Some e�ort is also given in this chapter to provide a fundamental understanding of

wave theory, how wave energy converters are designed around it, and why so many have

failed.

2.2 Wave Theory

The importance of having a sound understanding of a wave's physical properties cannot

be understated. A poor understanding in the early days of wave energy development

enabled the avoidably poor performance aboard the Kaimei barge [12]; arguably one of

the biggest blows to wave energy at the time.

During the �rst big push towards wave energy converters, researchers, mathematicians,

and marine engineers made great e�orts to understand the properties of sea waves and

their application to energy generation [13, 14]. It is thanks to them that we understand

the sea and hydrodynamics in general to the extent we do today.

This section seeks to lay out what a wave is, and how it applies to the design of wave

energy converters.

2.2.1 What is a Wave?

If one were to look at the sea, particularly during a storm, it would be easily noticed

that the motion of water in the sea is extremely complicated and almost random. It is

important to consider how waves are formed before considering their behaviour.

Waves can be created through various mediums of energy interactions, but the two

main mechanisms of wave production are the wind and gravitational pull. Wind waves

create sea waves as we think of them, and gravitational waves are responsible for tides.

The wind produces a wave via friction between air and water. Over long durations and

distances, the continued disturbance creates wave crests that travel across the water body

[15].

When a wave travels across a �uid, it is energy moving across the medium, not �uid

[16]. The water particles travel in small circular patterns, transmitting the energy over a
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short distance and returning to their origin [17]. The energy transfer is extremely e�cient

and allows waves to propagate for hundreds or thousands of miles and collect enormous

energy along the way.

Because sea waves are created by winds, which in turn are driven by solar radiation of

the sun, it can be considered that their true source is solar energy. Each step from solar

to wind to wave concentrates the energy into denser �uids, and by extension increases the

energy density per square metre.

The formation of a sea wave is mainly dependent on two factors, the wind speed, and

the fetch, otherwise known as the uninterrupted distance across which the wind blows.

Given a wind speed and su�ciently long fetch, the waves reach their maximum height

and a fully developed state that propagates the energy over long distances. It is thanks

to the expansive Atlantic and North Seas, and favourable winds that provide Western

Europe with energetic waves. It is also why coasts around the Mediterranean Sea have

much lower wave energy resources in comparison [18].

2.2.2 Physical Behaviour of a Wave

During wave events, water particles do not travel across the sea, but rather orbit their

current position, as can be seen in �gure 2.1. The orbits are circular for deep water waves,

and as the water becomes shallower, the orbits �atten; they are elliptical for intermediate

depth, and horizontal in shallow water. The orbits are largest at the surface and become

exponentially smaller with depth. This is a manifestation of the fact that most of a wave's

energy is concentrated at the water surface [19]. It should however be noted that WECs

have also found success by utilizing the pressure di�erence of a passing wave to absorb

energy from the seabed.

Deep Water
(Hd ≥ 0.5λ)

Intermediate Water
(Hd < 0.5λ)

Shallow Water
(Hd < 0.05λ)

Figure 2.1: Motion of water particles during a wave event dependent on water depth.

Ocean waves, similar to energy waves, follow the principals of superposition [20] when

two waves meet, their amplitudes are combined. Waves in phase are additive, while out-
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of-phase waves are subtractive. This is partly the reason that seas look so random, it is

the unpredictable combination of waves combining and subtracting.

Because of the semi-random nature of wave combinations, it has inspired an area of

probability that is important to marine structures. It is a statistical fact that every 50

and 100 years, waves will combine in such a way that waves large as 25 m can form with

little warning [21]. Likewise, even in ordinary conditions, waves can combine into large

waves without warning, known as rogue waves.

Two distinct types of waves are of interest. Deep waves where the depth is more than

half the wavelength (Hd > 0.5λ) and shallow waves wherein the depth is signi�cantly

smaller than the wavelength (Hd < 0.05λ). Both wave depths follow Airy wave theory

[16], meaning that the following assumptions stand true:

� Fluid motion is irrotational.

� Pressure is constant at the water surface

� Water depth is constant.

The phase and group velocities of each wave type are:

cp =





g

2π
T if Hd > 0.5λ

√
gHd if Hd < 0.05λ

(2.1)

cg =





g

4π
T if Hd > 0.5λ

√
gHd if Hd < 0.05λ

(2.2)

And the wavelength is:

λ =





g

2π
T 2 if Hd > 0.5λ

T
√
gHd if Hd < 0.05λ

(2.3)

Where T is the period, Hd is the water depth, and g is the gravitational constant.

These equations describe that deep water waves are naturally dispersive, and their

propagation velocity is dependent on their period and thereby their wavelength. There-

fore, longer deep waves tend to overtake shorter and slower ones, adding to the unpre-

dictability. On the other hand, in shallow waves, the phase and group velocities are equal

and dependent on the water depth, not the wave period. Generally, shallow waves are

shorter and travel at slower velocities.

2.2.3 Power & Application to Wave Energy

The energy density of a wave for any given sea state is given by:

E =
1

16
ρgH2

s (2.4)
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The power per metre of wavefront is proportional to the group velocity [19]:

P = Ecg (2.5)

Combining with equation (2.2), the power for each wave type is then:

P =





ρg2

64π
H2

mTe if Hd > 0.5λ

ρg

16
H2

s

√
gh if Hd < 0.05λ

(2.6)

Where ρ, Hs, and Te are the water density, signi�cant wave height, and energy period

of the wave. Both types of waves are proportional to the square of the signi�cant height.

The deep-sea wave however is additionally proportional to the wave period, while the

shallow wave is �xed at a static depth. Although it is more di�cult to operate in the

deep sea, the power available there is higher.

For a deep-sea wave of 2 m high and 10 second long, there is 20 kW of power in every

metre of wavefront. Under a 100-year wave scenario, a 25 m wave with the same energy

period would transmit 3.1 MW/m over just 10 seconds.

Practically speaking for a wave energy converter, it can be desirable to capture energy

across the most wavefront length as is possible. Some WECs have even been designed with

the ability to capture energy across a wavelength larger than their physical dimensions

[22].

2.3 A Brief History of Wave Energy

Throughout history, people have often looked upon the sea with a sense of awe and

fear. The raw power contained within has inspired generations of poetry, literature, and

mythology. Many have stood by the shore and dreamt about turning the destructive

power of the sea into usable power. The �rst recorded instance is attributed to one

Pierre-Simon Girard and his son [23], who �led a patent in 1799 describing a device using

�oating beams to drive pumps and mills. Little is known about the inventors aside from

the patent and there were few mentions of gathering energy from the sea until electricity

started becoming more widespread.

The theory of rotational sea was �rst put to paper in 1864 [24] to explain the propaga-

tion of the waves. This was extended into practical applications by Stahl who presented

possibly the �rst paper on wave energy to a group of mechanical engineers in 1892 [25].

One of these devices, using water to displace a column of air would later be adopted to

power the home of M. Bochaux-Praceique in 1910. This was done by adapting a vertical

bore in the cli�-face to drive an air turbine and provide 1 kW of power, in what is thought

to be the �rst application of meaningful power output [26]. The next great innovation of

the air column technology came in the 1940s when Yoshio Masuda, inspired by Stahl and

Bochaux-Praceique began experimenting with self-powered navigation buoys [27] and the
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concept garnered its name of the Oscillating Water Column (OWC).

Through the decades Masuda continued to be an industry leader, gradually improving

his OWC navigation buoys, commercializing them in 1965 with some still operational

decades later [28]. His work culminated in a 1.25 MW �oating barge dubbed �Kaimei� as

part of an international collaboration in 1976. However, due to the extremely immature

knowledge at the time, the project performed poorly [12]. This failure caused a massive

blow to wave energy con�dence internationally.

Outside of Japan, the real �rst interest in wave energy began shortly after the energy

crisis of 1973 started. In 1974, the Central Policy Review Sta� in the UK proposed a

technological and economical appraisal of wave energy [29]. This marked the �rst big

push for wave energy and indeed any other energy that could solve the crisis.

After several years and in�uential conferences, Stephen Salter of Edinburgh University

set a major milestone in 1974 when he proposed his `Edinburgh Duck' [30]. His design

was a long machine, set perpendicular to the wave direction with an egg-shaped cross-

section, designed to bob up and down about its axis. The device claimed to have very

high e�ciency, capturing the imagination of the academic community.

After Salter's landmark paper, wave energy received a signi�cant boost in popularity,

and historic designs such as Masuda's oscillating water column [26] and the Russell Rec-

ti�er [31], as well as a new design from inventor Sir Christopher Cockerell for a �oating

raft, were proposed [32].

Ultimately, except for the OWC, none of the devices made it out of the prototype

stage. At the time, they were competing to be the next big energy provider and were

hence very large. The diameter of Salter's Duck was 15 metres and expected to stretch

tens of kilometres of coastline. Although these hypothetical giants never saw any real

service, they each founded their own category of wave energy converters, and the Duck

grew Edinburgh University into a world leader in wave energy.

After this boom of interest in wave energy, the oil crisis began to wane in the early

1980s, taking the demand for renewables with it.

Wave energy research funds were cut signi�cantly [33], but with the looming crisis

over, smaller-scale projects and prototypes consistently continued to appear worldwide;

the second and current wave of renewable energy interest. Climate change mitigation

policies and a general drive towards sustainable practices ensure the continuation of wave

energy and other renewable power.

In more recent decades, the ambitions of wave energy have reduced with a stronger

focus on smaller scale devices and seeking a market niche for commercial success. Several

developers have come forward with promising proposals [34, 10], although many were

unable to maintain investor interest [9, 35, 36].
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2.4 The Wave Energy Converter

A Wave Energy Converter (WEC) is a machine designed to convert the energy contained

within sea waves into a regular and predictable energy �ow. The regulated energy can

be manifested as relative motion between mechanical bodies [37, 38, 39], piezoelectric

activation [40], or motion of �uids [41, 42, 10]. Ignoring the power take o�, the WEC is

considered e�ective if it can capture and convert energy into regulated energy with high

e�ciency. WECs have been considered to provide energy input for applications such as

water pumping, desalination, and electrical power generation [43, 44]

Onshore/nearshore, they can be electrical grid energy providers, capable of providing

power to isolated populations who rely on diesel generators for power. Around coastlines,

WECs can be integrated into navigation and other informational buoys to create self-

powered devices, which was one of the �rst wave energy developments [28].

Far from the shore, on sites such as research stations and oil rigs, power supplies are

much more di�cult and are often supplied by diesel generators. In these areas, the sea

is a convenient source of energy, making a WEC and battery a desirable choice for power

supply. Recent developers have made this their business model [45, 46]. Additionally,

unmanned stations in the sea are often too small or too far below the surface for diesel

to be an option. Floating/Seabed research equipment and remotely operated vehicles are

uniquely suited to be supplied by WECs [47].

2.4.1 Costs

Wave energy converters are not without their drawbacks. One of the biggest historical

issues for adoption has been the cost. The �rst generation of WEC proposals were enor-

mous, monolithic structures, designed for powering the grid; due to competing against

nuclear energy to capture interest and become the new big power provider. In modern

WECs, this is no longer the case, and the scale of WECs has scaled back signi�cantly.

The cost issue stems back to the relative infancy of the technology. Wind energy

is a mature technology and has converged onto the 3-blade horizontal axis machine, as

developers iterate, the LCOE reduces over time [48]. Although wind turbines have not

fully converged in all countries, the sharing of knowledge and component availability aids

in reducing the cost. The wave energy �eld is in a much more divergent phase wherein

there are many exiting development paths to pursue, and less part availability and investor

con�dence [49].

Furthermore, WECs, although easily compared to wind turbines, do not scale well

for power behaviour or performance. It is not always possible to make a small powered

WEC with low cost, and gradually increase the size as the technology develops. In the

past, they were proposed at a large scale from the start [38, 31], creating a high barrier

for entry and requiring developers to build a strong interest and investment before true

development can even begin. Constructing a WEC location with meaningful power output

12



CHAPTER 2

is, therefore, a signi�cant task, and is challenging to succeed without strong �nancial

backing. The development of sophisticated wave tanks for testing has made great steps

towards addressing this challenge. Furthermore, (O&M) costs in WECs can become a

signi�cant factor in the overall Levelized Cost of Energy (LCOE) [50].

The coastline and the sea particularly are among the harshest environments a machine

can operate. Any device placed in the seawater is under constant attack from the salt

water and will rust away and break down unless countermeasures are used wherever

possible. Because of this, the most sensitive components must be shielded from the

water. However, because WECs are devices of movement, watertight seals are applied.

This means that routine maintenance is essential to keep the seals in good order and

replace any failing parts.

When a WEC has scheduled maintenance, repairs cannot necessarily be made imme-

diately. A repair crew must be shipped out during an acceptable weather window. If the

weather is not suitable, maintenance must wait for acceptable weather conditions, incur-

ring higher costs as the vessel waits for deployment. Moreover, if the repairs needed are

below water, it may be necessary to also bring divers, further increasing costs [51]. The

only alternative is towing the WEC back to shore for repairs and redeploying afterwards.

If the device has been towed or was su�ciently damaged to go o�ine, there is a loss in

operation time until back in deployment.

2.4.2 Environmental & Social Impact

WECs are quite mixed in their environmental and social impact. The environmental

impact is strongly dependent on the type of WEC and its distance from the shore. It has

in in the past been claimed that WEC deployments may impact animal life in the ocean

through presence, physical motion, acoustics, and vibration. However, many of these

studies are based on literature reviews as the �eld is severely lacking in data and there

are many uncertainties [52]. Moreover, some have been found that sea life congregates

around large subsea structures for shelter and resources [53]. The issue still stands though,

that developers should take care not to cause undue harm to marine environments, and

there is a great need for further research in this area.

In the 80s, when WECs were proposed for grid energy production at a major scale,

the proposals were set to take up a signi�cant portion of the coastline; potentially causing

issues for the local people and environment.

When a large quantity of coastline is occupied by WECs, it can reduce the sea's energy

level between the WEC and the coast, hugely impacting the natural �ow of sediment

deposition. Coastlines are constantly changing and evolving and are maintained by a

steady �ow of sediment displaced and supplied by the sea waves. If the energy levels

near the coast are changed too drastically, it can erode treasured coastlines to erode or

excessive deposits elsewhere [54].

Similar to wind turbines, WECs are not immune to the politics of their local areas.
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Onshore wind farm proposals have long received pushback from those who live in the

proposed area based on complaints of noise and visual pollution [55]. For onshore wave

energy devices care should be taken to ensure devices are integrated in such a way that

they cannot become an eyesore or otherwise o�end residents. Deep water WEC topologies

are bene�cial is this regard as they cannot be seem from the coast.

2.4.3 Materials & Resources

WECs that are designed with large power production in mind, are required to span miles

of coast. In the �rst big push towards wave energy, the only feasible and su�ciently

buoyant material was concrete. However, at the time, concrete was expensive, di�cult to

work with, and �needlessly strong� [56].

Since then, material science has made signi�cant improvements. There is a wide range

of materials suitable for use in WECs, but challenges to materials remain. In recent

years, researchers have begun to develop mechanically simpler Power Take O� (PTO)

via high-force, low-speed electric machines, placing increasing the strain and dependency

on silicon and powerful rare earth permanent magnets [57, 58]. This comes at a time

of unprecedented electri�cation in the transport industry that is already su�ering from

silicon and rare earth magnet supply chain issues.

Using the �Nodding Duck� as an example. Allowing the duck's claimed e�ciency 80%

[59], assuming deep water, and that linear wave theory applies, the wave resource has

a signi�cant height of 3 m and energy period of 10 s, equation (2.6) yields a power of

35.15 kW/m. For an installation to provide 500 MW of electrical power, it would require

approximately 14 km of coastline.

2.5 Wave Energy Converter Topologies

Other renewable power generation technologies have reached some level of convergence on

a topological level, such as the horizontal axis wind turbine. Wave energy converters are

much less mature and remain in a divergent stage wherein there is not yet a clear optimal

topology.

This is partially due to the nature of wave energy transfer. Because the energy in a

wave travels near the wave surface, but the �uid moves in small orbits near the surface.

E�ective kinetic energy converting WECs must be near the surface and capable of moving

in multiple modes to achieve a high capture e�ciency. For example, a cylinder operating

in a single mode is limited to 50% e�ciency [14].

For this reason, wave energy converters are an exciting research area with a broad

range of potentially viable topologies for many power applications.
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2.5.1 Terminator

The terminator is positioned parallel to the oncoming wavefront and tends to cover great

lengths of wavefront. It is named a terminator due to it existing like something of a

wall, to capture the entirety of the wave's energy, leaving near still water behind it. The

topology be �oating, or shore mounted.

The most notable example is the Edinburgh Duck [38], which gained signi�cant interest

due to it appearing to leave almost completely still water in its wake, as is shown in

�gure 2.2. It was so e�cient because it captured all modes of incoming motion. The duck

however had the critical �aw of not having a viable PTO mechanism or su�cient energy

storage. The team behind it went to great lengths to design �ywheels and gyroscopes

into the device; considering numerous PTO topologies, but the technology simply wasn't

ready at the time.

Figure 2.2: The famous �Salter's Duck� photograph [60].

Terminators, due to their extreme lengths additionally attract di�culties in politics

and ecology. Constructing a terminator across a length of coast e�ectively forms a wall

around it, troubling other sea users. Additionally, because the device intends to extract

the maximum power from the sea, it can cause serious changes in material deposition.

Their main weakness however is survivability. Few, if any, terminators have any rea-

sonable method of avoiding storms. Because of a maximum energy absorption design, they

are at higher risk of damage during storms and damage mitigation must be considered in

their design.

2.5.2 Attenuator

Attenuators are of similar proportions to the terminator but rotated perpendicular to the

oncoming wave. They extract power by being built up of two or more segments attached

by a joint. As a wave passes along the length of the device, each segment is angled in
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turn by the wave crest, and power is produced from the relative motion, typically by a

hydraulic ram. They are by their design, �oating, deep-water devices.

They were one of the �rst WECs considered, put forward by Sir Christopher Cockerell

[32]. Through the years they have retained a decent popularity and several enterprises

have attempted to commercialize attenuators [9, 39]. A well-publicised device in recent

decades was the Pelamis[9], pictured in �gure 2.3. The Pelamis reached a technology

readiness level (TRL) of approximately 7 but ran into �nancial di�culties and ceased

operations. In recent years a standout attenuator has been developed by Mocean Energy,

who are currently developing a robust direct drive PTO system [61] and have a strong

focus on reliable simplicity in their WEC.

Figure 2.3: �Pelamis� WEC on site in Portugal [9].

The attenuators stand out from terminators in that they ride across the wave, only

absorbing a moderate amount of energy, reducing environmental and sea-sharing concerns.

2.5.3 Oscillating Water Column

The oscillating water column is one of the �rst WECs to be conceived and has been

developed for many years [26, 12], and has received great interest in many countries [8,

62].

Any WEC that converts energy from the waves to a contained column of air can be

labelled as an oscillating water column. Figure 2.4a shows the basic operating principle on

a �xed OWC. As a wave approaches, the water level rises, forcing the contained air through

a pneumatic turbine, driving a generator. Near the start of its conception, it required

recti�cation valves to ensure the turbine was always driven in the same direction, at the

cost of increasing system complexity. However, the invention of self-rectifying turbines

allowed the OWC system to be further simpli�ed [63].

Besides being one of the �rst commercially successful WEC concepts, the 500 kW

LIMPET was the �rst WEC to contribute energy to a grid [64]. The LIMPET then

directly inspired the creation of the Spanish 296 kW Mutriku Plant, which has been

producing energy since 2011; making it the longest-serving WEC with the most energy

produced [65]. The massive 2 MW OSPREY device in Scotland had the misfortune of
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(a) Concept [62] (b) Self powered navigation buoy [8].

Figure 2.4: Oscillating water column concepts.

being one of the most publicised failures in wave energy when it was written o� by the

back end of a hurricane [35].

2.5.4 Pressure Di�erential

Pressure di�erential devices can be considered as somewhat passive devices similar to

an OWC. They are usually placed such that the crest and/or trough of a wave creates a

pressure di�erence within the system; usually to displace air or water through the system.

Travelling waves do not produce pressure di�erences at the seabed, only less common

standing waves do [66]. Therefore, they must be placed at or very near the surface and

can require very speci�c wave heights to be fully excited.

They are usually formed of �exible tubes or compartments like the Lancaster Bag

[67], or one-way gates and valves like the HRS Recti�er [31]. They can also exist in any

form, terminator, or attenuator. Some pressure di�erential WECs have been presented

as structurally challenging [68].

Pressure di�erential devices have received continued development in recent years. The

Archimedes Wave Swing (AWS) is a two-part rigid pressure vessel that uses the pressure

of wave to compress and extend (�gure 2.5) [34]. The developers are continuing to improve

the device and recently achieved 80 kW peak power at the EMEC testing ground [46].

Figure 2.5: Archimedes Wave Swing concept [34].
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2.5.5 Overtopping

Overtopping WECs are an interesting topology in that it is the most similar to existing

power generation technologies. They are self-contained reservoirs with low-head turbines

and can be shore-mounted like the TAPCHAN [42], or �oating like the Wavedragon [10].

These WECs quite e�ectively solve the problem of intermittent power output as the

turbine is dependent on the water inside the reservoir, not the current wave. Provided

that the reservoir does not run dry, steady power is produced as water �ows out.

Alongside the usual power restrictions of low head turbines [69] and construction costs,

overtopping WECs introduce unique challenges. They are reliant on vertically displacing

wave crests over a barrier and into the reservoir. In calmer conditions, the wave height

may be insu�cient to enter the reservoir; a compromise must be made between reservoir

volume and turbine head.

The wave height problem is mitigated by implementing concentration techniques such

as tapered channels and re�ector arms for raising water to larger heights. Some devices

have also implemented multi-level slotted structures to enable ingress from several heights

[11]. In addition, the �oating varieties bene�t from adjustable ballast to maximise water

ingress.

(a) Overtopping concept [10] (b) Seawave Slot-Cone Generator [11]

Figure 2.6: Overtopping WECs

These devices are both helped and hindered by their concept. Hydropower is well

established, and parts are readily available, additionally, shoreline devices can save costs

by integrating into existing structures. Floating designs often include long concentration

re�ectors (�gure 2.6a) introducing a new failure mode during large waves.

2.5.6 Oscillating Wave Surge

Surge devices are nearshore WECs that consist of a �ap and pump. They are generally

a�xed to the seabed, with a buoyant �ap attached to the base via a hinge. As wave crests

and troughs pass, the �ap oscillates back and forth, and useful work can be generated

from the motion [36]. The Oyster was �tted with a water-pumping piston useful for a

high-pressure hydraulic system or water desalinisation (�gure 2.7). However, the parent

company of Oyster closed in 2015.
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Figure 2.7: Oyster wave energy converter [36]

Because they operate in shallow water, all plant can often be displaced onto land,

eliminating water ingress concerns and ease of maintenance. Like many WECs, they suf-

fer from being optimised for a speci�c wave pro�le, but unlike other topologies, they are

generally passive devices capable of �ne-tuning into di�erent wave inputs. Additionally,

because they are �xed, they are less capable of avoiding dangerous wave conditions; al-

though this could be mitigated by controlling the device to lay �at on the sea �oor during

storm conditions.

2.5.7 Point Absorber

A point absorber �gure 2.8 is characterised as having a short width relative to the length of

an oncoming wave. They are extremely broad in location, number of bodies, and power

take-o�. In general, they resemble a typical sea buoy with one or more axisymmetric

bodies �oating at or near the surface.

Point absorbers have gained signi�cant attention in recent years and are currently the

most prevalent WEC topology worldwide [70]. They are highly dynamic, requiring only a

semi-stable reference point to react force against. The reference point can be the seabed,

a structure built into the water such as an oil rig, a more massive body, or a drag plate.

Their resemblance to regular buoys a�ords them the bene�t of having an established

product at their back and makes it simple to convert existing buoys into WECs.

This topology of WEC has been there from the start of wave energy research, and

many landmark papers in hydrodynamics were conducted with them. Breakthroughs

in latching, reactive control [71], and resonant e�ects [13] were �rst discovered with or

applied to point absorbers. They are so proli�c in literature [71, 13, 72, 73, 22, 34], that

even devices such as the Archimedes Wave Swing, and some OWC concepts could share

this classi�cation.

The core bene�t of the point absorber their axisymmetric construction, this makes

them insensitive to the direction of the oncoming wave, unlike the attenuator or termi-
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nator which would likely not perform well if the oncoming wave were approaching from

an unfavourable angle. The point absorber gains the additional bene�t of capturing the

equivalent energy of a device larger than its physical dimensions, giving them good eco-

nomic potential [74].

(a) AquaBuOY [72] (b) PowerBuoy [73]

Figure 2.8: Point absorbers

Because point absorbers have a small size relative to the wave, they tend to track

waves and can absorb power in any degree of freedom. Their dynamic customisation

allows designs to be tweaked to operate well in any wave climate or mode of operation.

Elongating the WEC into a spar for example concentrates the motion into heave only.

The greatest challenge to the point absorber is the power take-o�. Although point ab-

sorbers can take many forms, the relative motion usually ends up as vertical, or otherwise

linear displacement. Converting slow linear motion into consistent and high-frequency

electrical energy is not a simple task. In the early days of wave energy research this was

prohibitively so and remained so until powerful rare earth magnets were conceived [75]

enabling the expansion of directly driven generators.

Due to their small size and fairly solid structure, they may be less prone to sinking

when compared to larger hollow WECs [35]. It is more likely that the failure mode of a

point absorber in deep water could be the mooring lines breaking and the device going

adrift [76].

2.5.7.1 The IPS Buoy

The IPS Buoy is a �oating, two-body device that operates in heave along its axis. It was

�rst proposed by Interproject Services (IPS) [37], and has received consistent research

through the years [77, 78, 61, 79].

The upper body is a �oatation buoy and serves only to provide su�cient buoyancy

to the system. It is upon this body that all other components must be supported; the

buoyancy force provided here then, informs the ultimate size of the system. A hollow

vertical tube, open at both ends is rigidly connected to the buoy some distance below the

water.
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Mounted to the inside of the tube is the `cylinder'. Further inwards is a piston, which

forms a watertight seal with the cylinder. Further to this, the piston has an energy transfer

connection to the cylinder and/or �oat via the PTO. The layout of these components with

an internal stator is presented in �gure 2.9.

Additionally, the tube is closed o� at both ends with a structure that allows water to

�ow freely but impedes the egress of the piston.

Figure 2.9: IPS buoy layout [61].

During normal operation, the �oat closely tracks the sea motion. It would be expected

that the piston follows due to the PTO connection. However, because the tube is �lled

with water, the PTO must develop su�cient force to overcome the inertial mass of the

internal water. There is hence a phase di�erence between �oat and piston upon which

power can be extracted.

The IPS e�ectively tackles the end-stop problem [80]. Whilst still in nominal con-

ditions, the piston follows behind the buoy, oscillating with an amplitude less than the

cylinder length. When more extreme waves are encountered, the piston may be forced

beyond the cylinder length. But because the cylinder has a smaller diameter than the

tube; once the piston exits the cylinder loses the watertight seal and decouples from the

water mass.

During a decoupling event, the piston is assumed to behave as a drag plate with its own

inertia - albeit at a much lower value. Because the e�ective piston mass is greatly reduced

it approaches the tube's end stops with greatly reduced force. Furthermore, because the

mass is so reduced, it becomes feasible to control the piston position via the PTO, either

to aid in slowing down or for cylinder reinsertion.

2.6 Power Take O� Technologies

Many technologies of WEC operate in varied modes of movement. The selected power

take-o� used in a wave energy converter is vitally important to the feasibility and success
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of a wave energy topology. Many WEC concepts have failed to reach the prototyping

stage due to not addressing the PTO needs from the start.

Maintenance is a major challenge to WECs; all components aboard the device have a

lifespan and must be replaced or repaired eventually. It is important then, to ensure any

PTO is simple and robust, with minimal components to fail and high mean time between

failures.

What makes the PTO for WECs so di�cult and costly is due to how di�erent the

generator requirements of wave energy are compared to conventional power generation.

A traditional four-pole synchronous generator for grid energy usually operates at 1500

rpm to produce 50 Hz electrical power. On the other hand, WECs are often designed

to capture energy periods around 10 s (6 rpm). Mechanical power is generally described

as the product of force and velocity, implying that the electric machine must have an

intermediate velocity conversion stage, or react to a higher force. The conversion stage is

often achieved with gears, hydraulics, or bypassing the problem via magnetic gearing.

2.6.1 Traditional Machines and Gearing

One of the most traditional and simplistic approaches to the rotational velocity problem

is to simply add additional energy conversion via mechanical gearing [81], an example of

this is shown in �gure 2.10. Ignoring for a moment the direction of motion, gears ful�l

their role e�ectively, increasing the speed by the speci�ed ratio and allowing the electrical

power output to be much closer to the 50 Hz standard.

Figure 2.10: Geared power take-o� [82].

Any additional power conversion introduces losses, reducing the e�ciency of the sys-

tem. Moreover, more moving parts may cause a higher number of breakdowns; especially

for sensitive components and mechanically interacting parts. Additionally, if the device
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is intended to drive a 50 Hz at fairly consistent speed, it could be necessary to include a

smoothing mechanism such as a �ywheel.

In wave energy, even the concept of a gearbox becomes more complicated. In conven-

tional fossil fuel power generation, or wind turbines the motion is rotary, and implementing

a gearbox is as simple as attaching it between the power source and electric machine. On

the other hand, the goal of wave energy is usually to convert the slow sea swell into usable

energy.

In many WECs, the PTO motion is often linear, or rotary with reciprocating oscil-

latory rotation across a few degrees. Under this scheme, the gearing scheme must be

specially adapted to translate linear motion or restricted displacement into consistent

rotary energy.

In recent years, some WEC developers have been phasing out gearboxes in favour of

other PTOs [61], however, some have produced sound designs with gearing integrated

[81]. Others have taken mechanical concepts and applied them in novel ways. One such

example is the �Manchester Bobber�, which uses a counterbalanced buoy and winch to

drive a ratcheting �ywheel and gearbox; enabling smoothed rotational motion at a high

speed, utilising o�-the-shelf components [83].

2.6.2 Hydraulic

A more common topology employs high-pressure hydraulics to achieve power conversion.

With a piston being operated from the WEC displacement, common hydraulic compo-

nents can be used to drive a high-speed hydraulic motor and thereby an electric machine

(�gure 2.11). Because hydraulics is a very mature �eld, o�-the-shelf components can be

used to construct a WEC at low cost. Moreover, the addition of an accumulator allows

for power smoothing between oscillations.

Figure 2.11: Hydraulic power take-o� [84].

They have retained popularity over the years with numerous prototypes deployed to

the sea [9, 85]. The major weakness of hydraulic PTO is that they are built up of many
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components, requiring much stricter monitoring and maintenance plans, and potentially

higher O&M costs. Furthermore, because hydraulic systems have poor e�ciency at part

load it is challenging for a hydraulic PTO to produce electrical power without high losses.

Moreover, because they commonly use hydraulic oil as an operating �uid, the seals require

periodic replacement, and a rupture of the system can cause ecological damage.

2.6.3 Pneumatic Turbine

Pneumatic PTO is most commonly seen in OWCs (�gure 2.4), but some other con�gura-

tions of pneumatic WECs adopt them [41]. They also utilise well-understood and readily

accessible components to form their system. The PTO part of a pneumatic system is

the most similar to conventional power generation. With the application of a �ywheel

to smooth out ripples and the potential addition of a gearbox, an OWC device can be

joined to a conventional generator directly. Their similarity is likely the reason they are

the earliest successful topologies of WEC.

PTO with pneumatic power is typically quite low risk, especially if located on the

shore, with the only real risks being lower performance, and water splashing into the

machinery.

2.6.4 Hydro Turbine

Hydro turbines in wave energy are well known for low-head turbines used in overtopping

WECs (�gure 2.12) [42, 10, 11]. However, it is also possible to utilize reservoir fed

high-head turbines by applying wind or wave energy devices to pump water into the

reservoir while renewable resources are present and releasing it back to the ocean through

a conventional turbine to ful�l electrical power demand [86].

Figure 2.12: Low head turbine power take-o� [87].

High head pumped storage e�ectively solves some wave energy challenges by providing

a mechanism of energy storage, enabling electrical power production matching consumer

demand, not renewable resource availability. Additionally, because the plant is located
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on/near shore, the operation & maintenance challenges of wave energy are somewhat

reduced [50, 51].

2.6.5 Directly Driven

Directly driven (DD) topologie s bypass the gearboxes by replacing them with novel

electrical machines that use magnetic gearing to produce electrical power at a higher

frequency than the mechanical displacement (�gure 2.13) [88, 89, 90]. An electric machine

such as a �ux reversal machine (FRM) [91, 92, 93] or vernier hybrid machine (VHM) [94,

95] has powerful permanent magnets and many pole pairs and completes a full electrical

cycle across a very short displacement, e�ectively functioning as its own �xed gearing.

They are extremely dynamic in design and can be adapted into linear or rotary devices

as needed by the application. These machines are presented in rotary from in chapter 4,

and linear in chapter 6.

Figure 2.13: Directly driven power take-o� [96].

DD drive machines have become more commonplace in wind energy in recent decades

[97, 98, 88]. Because they lack standardisation in wave energy applications, DD machines

are usually built bespoke, and the cost-saving parts are simply not available.

Due to their nature of being linked directly to the wave force, the output of DD

machines varies in a doubly sinusoidal fashion; once from the angular velocity of the

wave, and once from the magnetic position of the device [99]. As there are no traditional

means of physically smoothing the power, the DD topology is entirely reliant on power

electric converters to condition the output power, leading to a higher dependence on power

conditioning.

Despite their di�culties, DD machines remain a very interesting research topic and

are a promising PTO for application into point absorbers [34, 100].
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2.7 Challenges and Commercialisation

Achieving commercial success in wave energy is no easy feat. There have been few devices

to demonstrate technical readiness, and those that have, struggle to �nd a market position

and make the switch from research to retail. Numerous reasons for this have been touched

upon in previous sections, but not fully explored.

2.7.1 Extreme Weather

One outstanding challenge to development is the sea itself. Because waves contain so

much energy, and are semi-random and wave-like, conditions vary from a slow swell with

low amplitude, to storm conditions, with the chance of a rogue wave at any time [21]. It

is di�cult to propose and design a device that is capable of surviving rate events which

also provides a competitive LCOE.

This problem is not unique to wave energy. Wind turbines faced the same challenge

in the early days of their commercialisation; during storm events, high wind speeds forced

the turbines to rotate at a velocity much higher than rated. Brakes were employed to

restrict the velocity, but in some cases, the brakes failed allowing the electric machine to

accelerate until the resistive heat burned out the generator, causing catastrophic failure of

the turbine. The solution in this case was the development of controllable blades, allowing

the turbine to stall, providing a backup stopping mechanism, and preventing this type of

failure [101].

There is a great deal of similarity between wind turbines and WECs. Both are driven

by their operating �uid and are incapable of removing themselves from it during times of

extreme activity. The most survivable strategy with a low LCOE is to take inspiration

from wind turbines and develop methods of energy shedding. It is well understood that

wave energy exists mainly near the water surface, and some WECs like the AWS [46] take

advantage of this by sinking the device during storms; mitigating the need to overrate

mechanical components to survive weather events.

2.7.2 Corrosion & Fouling

The secondary factors that make the ocean uniquely challenging are the corrosive and

fouling impact it has on materials [102]. The high sodium content of the oceans has a

strong impact even on coastal constructions that are near the water; accelerating oxidation

of metals and stripping protective coatings.

In the context of a WEC, if corrosion is left unchecked, it can damage to the mate-

rial, weakening the structure and eventually allowing water ingress, possibly damaging

the PTO inside. The impact of corrosion is well understood in material science and is

controlled by metal plating, inhibiting chemicals, and sacri�cial coatings.

Sea life tends to congregate around subsea objects for resources and shelter, causing

a build-up of biofouling on the WEC [103]. When any surface is submerged in water it is
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coated in organic polymers in a matter of minutes. One day later bacteria and diatoms

form a bio�lm, or "slime". The bio�lm provides a nutrient-dense attachment surface for

the better-known biofoulers. First, soft biofouling such as algae and seaweed within a few

days. Lastly, the hard biofouling such as molluscs and other calcareous organisms [104].

Biofouling has a serious impact on any applications involving contact with water and

impacts industries from medical to shipping [105]. Antifouling techniques have been

established for hundreds, if not thousands of years, and are still being researched today

[106]. The key functionality of antifouling is to prevent the formation of bio�lm, through

non-stick coatings, ultrasonic waves, and UV light treatment. Once biofouling has taken

hold of an object, methods such as heating, high-voltage treatment, and chemicals are

often applied to remove it.

2.8 Conclusions

This chapter has explored the history of wave energy converters, and the physics that

drive them have been established. Topologies of WEC and PTO have been broken down,

their feasibility assessed, and the challenges faced by the industry established.

2.8.1 Research Gaps

By the lack of its maturity, wave energy struggles not with small research gaps, but rather

too many research gaps, and an unclear way forward. Wave energy is well suited to take

a signi�cant market share of energy production and niche energy supply applications.

However, the two major parts of wave energy - WEC and PTO - remain too isolated from

one another. It is insu�cient for each to continue being researched in isolation without

considering the other. Some promising wave energy proposals have failed due to having

no feasible PTO such as Salter's Duck [38], or due to the selected PTO having too high

maintenance costs [9].

There must be further e�orts committed to combined design studies, bringing both

parts together, even if it requires that the hydrodynamic complexity be reduced to ac-

commodate joint studies. Furthermore, an additional understanding of how PTOs can be

integrated into a WEC in a stable and maintainable way must be expanded upon before

wave energy can become commercially viable.

2.8.2 Consensus & Controversy

Due to the early state of wave energy development, there is a lack of topological conver-

gence. There is some agreement that large monolithic devices like the �Edinburgh Duck�

are challenging to achieve economic feasibility due to their high operation and mainte-

nance costs [51]. This is backed up by the trend to focus on smaller point absorber designs

[23]. The option to simply remove a smaller-scale device or module from a network or
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energy farm simply cannot be understated, and it could become the driving force behind

a competitive LCOE in the future.

It is not clear what the most common use of wave energy will be, but it is somewhat

likely that research continues to drive forwards on electrical power generation applications,

such that it can claim its fair share of the energy mix.

2.8.3 Integration Into Thesis

This thesis aims to expand upon the existing literature by addressing the current gap

of lacking integrated design studied. This thesis tackles this by selecting a topology of

WEC and assessing it with a combination of hydro and electromagnetic design models.

Furthermore, it employs the due diligence of addressing how a relevant PTO can and

should be integrated into the structure of the WEC selected.
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Chapter 3. Direct Drive Machines for Wave Energy

3.1 Introduction

Electric machines have long provided the world with a mechanism of locomotion and

power generation. Electric machines are of course, not restricted to just high-speed power

generation or driving electric vehicles. The advent of rare earth permanent magnets [75]

has allowed machine sizes and topologies to be tailored to the application it �lls [107, 108,

109, 110].

The directly driven (DD) machine is a more recent and much more extreme example

of topology adaption for niche applications, especially the linear con�guration [91, 111].

DD machines are fairly recent developments because, before the invention of rare earth

permanent magnets (PMs), the only option for constructing machines was with either

electrical windings or weaker ferrite magnets. In low-speed DD applications, the ferrite

magnets have poor low-speed voltage and can often be outperformed by alternatives but

are still considered for some applications [112, 113].

In DD applications, an electric machine is coupled directly to the prime mover without

any intermediate mechanical interaction. By removing the need for intermediate gearing,

the power train is greatly simpli�ed, o�ering potential savings in cost and mass, while

increasing system reliability.

The gearing serves an important role, and its removal from the system introduces

unique requirements and challenges to the electric machine. Conventional machines oper-

ate at high speeds and low torques which is incompatible with some applications. When

an application requires or produces low speed with high torque, a gearbox can be utilised

to transpose the speed and force to that of the load. In practice, this allows for a range

of standardised electric machines and gearboxes to ful�l the needs of many applications.

With the gearbox removed, the DD machine must be designed such that it can provide

the requisite speed and torque directly, making it very bespoke to the application they

are designed for.

When proposed for use in a wave energy converter (WEC), there are further challenges

introduced. Because the electric machine is coupled directly to the prime mover, there

is no mechanical power smoothing or consistency. The incoming power is converted from

mechanical to electrical indiscriminately. Because of this, the electrical conditioning needs

can be displaced to the electrical system; leading to challenges in electric converter design

[99]. Although, the cost of power electronic systems has reduced at a high rate in recent

decades. Additionally, because the motion of WECs is often oscillatory, so is the motion of

the electric machine, resulting in a waveform that varies in both frequency and magnitude,

exacerbating the electrical converter needs.
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The adoption of DD has become much more widespread in renewable energy applica-

tions, with multi-MW wind turbines seeing signi�cant development [114, 88, 109, 115].

Wave energy is slower in the adoption, but sees many proposals [89, 110, 116]. However,

despite their high level of academic interest, they are yet to be commercially adopted;

DD has not yet received the same standardisation and over-the-counter accessibility of

conventional electric machines. Because of this, DD devices are usually designed bespoke

to the application, with the costs and lack of robustness that comes with it; it is not

uncommon for experimental machines to combust during tests, or have magnets detach.

3.1.1 Scope and Objectives

This chapter intends to take a close look into directly driven machines and the current

state of the technology. This thesis however is somewhat split between electrical machines

and hydrodynamics. Therefore, it is insu�cient to only address DD topologies in isolation;

but rather address them from the perspective of wave energy, taking into consideration

how the ideal machine is impacted by the unique design challenges imposed by it.

It is important here to outline the scope that this requirement imposes on the chapter.

Ordinarily, a thesis focused on electric machines for wave energy touches upon the impor-

tance of wave energy and makes clear that it is the target application, but stays focused

on machine improvements, giving thorough details of the physical phenomena that drive

them. This thesis on the other hand, although applying the same principles, does not

repeat them here for the sake of brevity.

3.2 About Direct Drive Machines

Electric machines are a method of converting mechanical energy into electrical energy

(generating), or electrical into mechanical energy (motoring).

For a long time, the status quo of conventional machines has been to operate at high

speeds and relatively low forces with semi-constant load for maximal e�ciency. Usually,

this comes in the form of a synchronous machine for generating and an induction ma-

chine for motoring. These have each become standards unto themselves because they are

very e�cient and mechanically stable, requiring little maintenance; the induction motor

particularly is legendary for its life span, lasting decades [117].

In applications that have di�erent operating requirements, such as low speed with high

torque, or high speed, or high precision, it can be more desirable to adopt other machine

topologies, such as direct drive machines as is the case of wave energy.

3.2.1 What is Direct Drive

Direct drive machines aim to replace the gearbox stage of the chain from primary mover

to usable electrical power. It does so by dropping conventional design principles entirely,

instead reacting to the large and slow forces directly. By having a small enough pole
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length, the magnetic �ux can be rapidly cycled, allowing for high electrical speeds relative

to the mechanical displacement. In such machines, they e�ectively work as a generator

and gearbox as one.

High-force electric machines received their �rst serious proposal as a Transverse Flux

Machine (TFM) aimed at improving the power density of linear motors [118]; achieving a

high force density at low current density. This proposal was a fully wound topology and

su�ered from high end-winding losses.

Several years after the conception of rare earth PMs [75], the application of gear-less

machines was fully realised [119]. Although the TFM is regarded to have an extremely

high force density, their utilisation of a three-dimensional �ux path demands a highly

complex structure that is di�cult and costly to manufacture [120]. Moreover, in [121],

the authors claim that surface-mounted PM machines are better suited for high overload

torque.

DD machines have thus far been described as high-force and low-speed devices; how-

ever, this is not exactly the case. More accurate is the replacement of gearboxes with

intrinsic machine properties. They are suitably designed for any force/torque and speed

application, not only slow renewable energies. In the transportation sector there are

promising developments for electric car motors [107], and shipping propulsion [108, 122].

3.2.2 Direct Drive for Renewables

In the context of renewable energies such as wind and wave power, the concept is function-

ally the same but has a few added requirements and constraints attached. A 10 MW wind

turbine rotating at 10 rpm reacts 8.5 MNm of torque, signi�cantly higher than the < 1

kNm produced by an electric car and operated at a lower speed. DD for renewables is the

most extreme form of the technology and the furthest away from conventional topologies

that it reaches.

For wind turbines, DD machines have received commercial success in the form of

a direct drive synchronous generator. However, this topology is revealed as the most

expensive and heaviest alternative to conventional wind turbine power take-o� [88].

Advances in �ux modulation topologies have enabled electric machines with inherent

magnetic gearing. Topologies such as the vernier hybrid machine (VHM) and �ux reversal

machine (FRM) have long been proposed in academia [94, 123] and have recently been

adopted by WEC developer Mocean [124]. Both topologies are somewhat descending from

the high shear stress TFM but reduce the �ux path to a more conventional 2 dimensions;

allowing for cheaper machines with simple constructions.

FRMs and VHMs achieve a high shear stress due to their slotted rotors applying

introducing a �ux concentration e�ect. Numerous studies have been conducted into �ux

concentration techniques, revealing mechanisms of voltage/force density optimisation and

novel magnet con�gurations [95]. However, it is well known that modulated machines

such as the TFM, FRM, and VHM are dependent on energy exchange in the airgap. This
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maintains a large quantity of reactive power, branding the machines with a very low power

factor [94], but more recent proposals have allowed for power factor improvements with

alternative con�gurations [125, 126].

Another path to high-speed �ux cycling from a low-speed machine is magnetically

geared machines. These machines in e�ect use magnet interactions of multiple rotors to

transpose velocity and torque between them. Due to the demands of their design, there are

typically multiple layers of moving magnetic materials in close proximity. Their complex

design has proven to be the limiting factor of the topology, and it is not currently feasible to

produce them commercially. Despite concerns about cost-e�ectiveness, the magnetically

geared topology proves to be a promising replacement for gearboxes with some companies

committed to their improvement [127, 128].

3.2.3 Negative Aspects

Renewable energy sources are often variable; for example, the wave energy resource in

any given location varies with weather and season. A WEC transmits mechanical energy

of variable power and velocity dependent on the current position along the wave, with

higher or lower averages dependent on the time and season. Because DD eliminates the

gearbox from its system, there is no mechanism to transpose speed or torque to more

favourable values and must convert mechanical motion to electrical energy without any

inherent power smoothing.

In wind turbines energy transfer is unidirectional in the sense that and power into the

turbine contributes to the rotation and at loaded conditions the direction of rotation does

not need to change, allowing for some power smoothing from the inertia of the turbine

blades [129]. DD WECs on the other hand, often utilize oscillatory motion as the power

take-o�, precluding them from any inertial power smoothing. When an oscillatory PTO

is applied to a DD WEC, the variability of power input is further increased. If the PTO

is tracking a sinusoidal wave, the rotor velocity peaks at the sinusoidal origin and slows

to a stop at the crest and trough before reversing direction.

This behaviour produces a doubly sinusoidal output during normal operation as can

be seen from a VHM in �gure 3.1. The high frequency element of the �gure is due to the

fast �ux switching of the topology, which also varies with the linear speed of the rotor -

manifested as a low frequency variation in magnitude.

As DD WECs don't have any reliable mechanism of mechanical power smoothing, the

electric power output must by conditioned by a power converter before it can contribute

to the local energy grid. Depending on the WEC and DD topology, this can require a

sizable power electronical converter, driving up the LCOE. However, the converter size

and cost are reducing in recent years thanks to the rapid growth of the power electronics

�eld [130, 131].

In [99], the authors proposed that the output of a 100 kW WEC be inverted via an

AC/AC conversion with a highly capacitive DC link to smooth out �uctuations [99], with
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Figure 3.1: No load EMF output from a linear direct drive machine [99].

an estimated cost of ¿16000 (2005 prices). The authors go on to state that costs can be

further reduced by sharing converters across devices in a wave energy farm.

One side e�ect of the high torque density in DD machines is a high airgap �ux density

above 0.8 T [93], as opposed to 0.2 T found in an induction machine [132]. The high airgap

�ux density consequently yields a high normal force which works to close the airgap

and contributes no useful torque. Such strong airgap closing forces require signi�cant

structural mass to prevent the machine from destructively deforming. A study of MW

level wind turbines revealed that the structural mass percentage rises as high as 88% of

the total mass for 5 MW axial �ux machines.

In three-phase rotary machines, the issue of airgap closing forces is somewhat reduced

due to the partial cancellation of the forces around the machine circumference, and the

ease of centrally located bearings. Linear machines on the other hand have challenging

bearing designs and experience much less force cancellation. This is most apparent in �at

topologies; however, some force cancellation can be achieved by tubular or multi-sided

topologies [133].

3.3 Machine Considerations for Wave Energy

DD machines are a wide-spanning subject in themselves with many applications not re-

stricted to low speed and high forces. However, to keep the chapter succinct, an e�ort is

made in this section to lay out DD drive topologies from the perspective of their applica-

tion to wave energy and �elds with similar torque/speed requirements.

3.3.1 Wound vs Permanent Magnet

Throughout the years in academia and industry, there has been a debate on using coils

or magnets to provide part of the machine magnetomotive force (MMF), whether that
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be �eld, armature, or supplementary MMF. Historically, more attention has been given

to wound topologies, however, long before powerful rare earth magnets were developed,

there was still a strong hope and interest for the inclusion of permanent magnets into

electric machines [134], with some authors suggesting they contributed to an explosion of

electric machine topologies in the 1970s [135].

The advent of high-remanence rare earth PMs and cheaper power electronics were ex-

tremely disruptive and invited the establishment of numerous novel machine topologies.

Rare earth PMs enabled e�ciency and performance improvements to existing topolo-

gies, whilst cheaper power electronics made it feasible to use magnitude and frequency

controllers for PM machines. By replacing a wound �eld with PMs, no �eld current is

required, and mechanical commutation can be removed. Furthermore, PM inclusion was

indispensable in the creation of high-speed motors without su�ering as much from cop-

per losses at high frequencies. They also, assist in the application of small motors and

high-precision applications.

The vast majority of rare earth material Neodymium is in China, giving the nation

a near monopoly on the PM industry from extraction to manufacture. The price and

availability of rare earth PMs are highly dependent on the internal policies of China [136].

The concern has such a strong impact on the future stability of electri�cation that it has

spawned branches of research dedicated to magnet reclamation [137, 138] and a revival of

ferrite magnet designs.

It is also argued that the use of fully wound machines avoids other PM risks such

as demagnetisation from thermal or electrical overload, making them more fault-tolerant

overall. It is however hard to deny the applicability of PM machines in the context of

renewable energies and most direct drive applications use PM generators.

3.3.2 Core Material

In many applications of electric machines, there is a question of whether air or iron-

cored devices are more suitable for the application. In renewables, this is a particularly

pertinent topic as the success of a renewable generator may depend on the generator's

mass, for example, in a wind turbine the nacelle mass has a direct impact on the structural

requirements of the overall turbine [139].

Electric machines often have a rotor and stator constructed from electrical steel or

some other form of ferromagnetic material, which must be cut into slices (laminations) to

reduce eddy current losses [140]. Electrical steel is highly permeable, allowing magnetic

�ux to cross the machine airgap with great e�ciency. This allows for minimal MMF

producing material and higher power density at the cost of a heavier machine. Although

power density is an important research topic, it tends to be more relevant in transportation

and aerospace applications where any mass saved has great bene�t.

Air cored topologies, on the other hand, have the stator and/or rotor embedded into

a non-magnetic and non-insulating matrix such as epoxy. By doing so, the machine
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mass and cogging force can be dramatically reduced. However, because there is no highly

permeable material to assist airgap crossing, a higher quantity of MMF producing material

is required for the same rated power.

On the other hand, in high power DD renewable energy applications it has been

declared that generators demand a disproportionately high content of structural mass

[141]. To expand on this further, the high structural mass is required because the airgap

closing force is a function of the airgap �ux density; any de�ection into the airgap increases

the �ux density, which can then increase the de�ection and collapse the airgap. The

acceptable de�ection has been described as 10% - 20% of the airgap clearance, which in

turn can be small as 5 mm for a 2.5 m radius machine [141], a challenging requirement.

There are naturally more forces in the calculation of de�ection, but the airgap closing

force can be partially avoided by air cored machines. It has been demonstrated that

despite requiring a larger active area, air cored machines can still retain a smaller mass

overall [141]; although, the saving in structural mass can be o�set by the increased PM

mass.

3.3.3 Number of Sides in Linear Machines

In electric machines, there is always some level of airgap closing force which serves only to

collapse the airgap and provides no useful work. In balanced rotary machines, the force

is largely cancelled out around the airgap.

Linear machines on the other hand do not have any mechanism of force balancing

between the translator (rotor) and stator. In the simplest form of a linear machine, it is

an analogue of its rotational counterpart, with one rotor and one stator, often imagined

by cutting a machine on one side and "unrolling" it (�gure 3.2). Single-sided machines

like that shown in �gure 3.2 can develop extreme airgap closing forces making them

challenging in practice, with multi-sided topologies preferred [142].

Figure 3.2: Simple concept of creating a linear machine from its rotary counterpart [143].

Modern linear DD machines were quickly updated to feature more stator sides [116].

Due to its relative conceptual and constructional simplicity, novel topologies and �ux

concentration methods are commonly reported in this con�guration. By including a

second stator or translator in the design, some force balancing can be achieved. If a

translator is moving between two stators, it can be expected that each will have identical
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attraction forces inwards or outwards from the translator, greatly reducing the force and

making them more viable for real world applications.

Although double-sided topologies achieve some force cancellation, if the translator or

a stator side were to de�ect into the airgap through active de�ection or manufacturing

misalignments, the forces could become unbalanced and collapse the airgap. In their

current stage of development, linear DD machines are always built bespoke with the

lacking manufacturing tolerances of a non-standard product; it is not uncommon for

modular machine constructions to have misalignments [124, 144].

Researchers have extended this idea further into the realm of multi-sided machines

[145, 146]. By including more sides to the machine, it further increases the number

of force balancing directions, and utilises a greater quantity of magnetic material than

their �at counterparts. Further, because each side can be magnetically separated, it

allows for modular constructions for simple maintenance and replacement. However, an

increased number of sides naturally comes with higher edge e�ects and end winding losses.

Furthermore, bearings and airgaps are much more di�cult to maintain with more sides

[146].

As the number of sides grows, comparisons are inevitably made to tubular machines.

The tubular topology is the natural evolution of the multi-sided design, removing some

weaknesses and introducing others.

One study compared a tubular and four-sided machine [145], �nding that the two had

very similar coil �ux and induced voltage, but that the airgap �ux density in the four-

sided design was inconsistent around the corners. They also reported that the four-sided

design came with 37.5% longer coils and 32.1% heavier iron than the tubular, yielding a

less e�cient machine; yet concluding that the four-sided machine is more attractive than

the tubular variant due to manufacturability.

Apprehensions towards the manufacturability of tubular machines are not unprece-

dented, however. The di�culty stems from the laminations and lack of modularity. Tubu-

lar machines that utilise axial �ux introduce challenges for laminations due to the circular

cross section. However, it could be envisioned that the topology be split into magnetically

independent units along the axial length, which are split in half and assembled around

the translator. However, even in this case, the machine would need to be taken out of

service to replace inner sections.

It should also be noted that for application into WECs, the tubular variant comes with

a distinct advantage over others, relating to sealing. The current expectation for o�shore

DD WECs is that the PTO will be located at the WEC or on the seabed, with some

mechanical motion between. It is not yet practical for the PTO to run �ooded; although

work in this area is beginning to see some attention [147]. There must therefore be a

sliding seal into a dry housing for the PTO. Such a seal is possible to achieve, but multi-

sided translators are likely to pose greater seal engineering challenges, possibly requiring

the addition of a cylindrical shaft on the ends of the translator. The tubular machine, on
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the other hand, is already cylindrical and needs no special alterations to be compatible

with the seal unless a slotted translator is used.

3.3.4 Short Translator or Short Stator

A problem only found in linear machines is the consideration of translator and stator

length. Because each part of the machine is linear and �nite in length, one must be longer

than the other to ensure constant active area. There will be inactive electrical or magnetic

material in the longer member.

Which member is made to be the shortened one is wholly dependent on the topologi-

cal construction of the machine in question. In more conventional topologies with a PM

translator, it is argued that the stator should be kept short to ensure all coils are kept

active to control ohmic losses in inactive coils [148]. On the other hand, others take a

contrary stance that PMs are the most valuable resource and should be kept short, main-

taining that ohmic losses from inactive coils can be controlled through power electronics

without excessive switching losses [149].

In less conventional machines such as the FRM [91], VHM [150], and some con�gura-

tions of the TFM [116], the PMs and coils are housed together on the stator. Having a

completely iron translator sidesteps the compromise by keeping magnets and coils on the

short member, spending mass, but not e�ciency on the longer component.

3.4 Direct Drive Topologies

3.4.1 Conventional

In the context of wave energy, conventional topologies are limited by having a shear stress

around 20 - 40 kN/m2, far from the 200 kN/m2 reported with a TFM [111]. When used

in a high-force application such as wave energy, a conventional machine generally must

have a larger active area than a TFM.

A comparison of conventional topologies for application as PTO in an Archimedes

Wave Swing [116] found that a PM synchronous generator was the most suitable, with

lower material costs, and superior e�ciency when compared to an induction and switched

reluctance machine; proposing that low speed was the cause for its success. However, the

authors do go on to claim that a TFM can provide the same performance with much lower

losses, albeit with higher construction costs.

3.4.2 Transverse Flux

The transverse �ux machine is a historically signi�cant topology that warrants description

in any direct drive focused writing for historical context. The TFM is named due to the

direction of �ux paths within the machine. Unlike the more common longitudinal and axial

�ux machines, the TFM has a transverse �ux path relative to the translator's direction,
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creating an inherently three-dimensional �ux path. This complex �ux path and structure

(�gure 3.3) completely breaks conventional machine composition; allowing it to achieve

both extremely high force density, at the cost of introducing manufacturing challenges.

Figure 3.3: Linear transverse �ux machine con�gurations [90].

The general torque equation for synchronous machines is given in [151] as:

τ =
3

2
pΨI (3.1)

Where p is the pole pairs, Ψ is the �ux linkage of pole pairs, and I is the current.

In a conventional synchronous machine, if the pole pairs are doubled, the �ux linkage

per pole is halved. A TFM on the other hand has the majority �ux path in the transverse

direction, thus allowing for the number of pole numbers to increase with minimal impact

of the �ux linkage.

Additionally, conventional machines are commonly constructed of laminations of two

geometries: one for the translator, and one for the stator. The number of geometries can

vary and can be simple or complex. However, the number is usually minimal, making

for simple manufacture and assembly, whilst providing mechanically robust components.

The TFM on the other hand is built up of smaller components with no rigid connection;

requiring a more complex support structure to provide the requisite mechanical strength.

Currently, it is considered to be uneconomical and impractical to manufacture TFMs.

However, this sentiment is generally reserved for the rotary version of the topology. More-

over, in [152], the authors argue that conventional laminations are not possible in some

linear cylindrical and tubular machines regardless, making reservations about 3D �ux

paths less relevant. Furthermore, academia has recently developed an interest in modu-

lar machine construction techniques, and best practices are described in [108, 122, 144].

Further developments in this area may be the disruptive change needed to bring TFMs

back to the forefront.
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3.4.3 Flux Reversal

The �ux reversal machine was developed in a similar timeframe to the TFM but is often

considered to be directory related [151]. This is due mostly to the FRM having the closest

operational resemblance to the TFM of any �ux modulation machine. The resemblance

is due to all rotor teeth aligning with small magnetic poles which completely reverse the

�ux direction over a short distance. Additionally, the FRM has an impressively high shear

stress, albeit smaller than the TFM [153]. However, the two topologies are fundamentally

di�erent from one another. Unlike the TFM, the FRM topology adopts the conventional

longitudinal �ux direction, enabling high force density without the high manufacturing

costs.

The high force density is achieved through the complete alignment of rotor teeth per

phase, combined with small magnet poles. This creates the same high rate of �ux reversal

and energy exchange seen in the TFM, bringing a low power factor with it. Furthermore,

the integration of �ux modulation principles enables both the armature and �eld sources

to be located on the stator, allowing a rotor made completely of iron (�gure 3.4).

(a) Single Phase (b) Three Phase

Figure 3.4: Rotary �ux reversal machines [92]

Such strong alignment of rotor teeth and magnets also provides the topology's greatest

weakness. In an unmodi�ed FRM, there is a very strong alignment force between the

rotor tooth and magnet, manifesting as cogging torque. For any application, a large

cogging force is undesirable; it increases vibrations and noise during operation, impacting

the machine's lifespan, and decreasing performance in general. As a renewable source

generator, on the other hand, strong cogging forces are particularly undesirable. If the

force is too large, the PTO won't move in low sea states, potentially missing out on a

wide bandgap of resources.

Fortunately, the mechanisms of cogging forces are well understood and can be reason-

ably reduced through rotor skewing alone [92].
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3.4.4 Vernier Hybrid

Inspired by variable reluctance PMmachines, the VHMwas proposed to bring together the

bene�ts of the Vernier Reluctance Machine (VRM) and the FRM to produce a machine

with very high torque density, but without the high cogging torque [94] - hence the

"hybrid" part of the name. An early design is shown in �gure 3.5.

The VHM maintains the variable reluctance principles of the VRM but takes the

major machine structure from the FRM. By moving the VRM magnets to the stator

and adopting the discrete windings of the FRM, a simple structure is achieved, enabling

modular designs and easy winding. Unlike the FRM, it has a slightly di�erent number

of poles and teeth. This presents a situation where the teeth have mismatched alignment

patterns like that of a vernier gauge. Similar to the FRM, the magnetic pole and teeth

are small, reversing the �ux at a signi�cantly higher frequency than the rotor.

(a) Single Phase (b) Three Phase

Figure 3.5: Rotary vernier hybrid machines [94]

As with the previously mentioned members of the variable reluctance PM family,

the VHM too comes with an unfortunately low power factor. In an exploratory paper

addressing this, it was found that the low power factor is partially attributed to unusually

low �ux utilisation, but more speci�cally due to a low �ux ratio IX/E [154]; going on

to suggest limiting current to increase power factor. This point was expanded further by

[95] who gave a power factor equation:

PF =
1√

1 +
(

LSI
Ψm

) (3.2)

Where Ls is the synchronous inductance, I is the current, and Ψm is the magnet �ux

linkage.

It is corroborated here that the power factor is negatively impacted by large current

and inductance, or small magnetic �ux linkage. In this case, the authors do not propose to

limit current, but rather, optimise the VHM with alternative magnet and tooth topologies
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for �ux concentration and magnet mass reduction. By improving �ux concentration,

the authors increased the power factor from 0.38 to 0.72 without any major machine

customisations. Other authors have made similar attempts to increase the power factor,

through secondary stators [125], or by adding auxiliary DC windings [155]. Although the

latter examples are arguably di�cult to implement due to manufacturing or LCOE. It

is possible to improve the power factor, and it should not be viewed as an unsolvable

problem with the topology.

In toothed rotor machines such as these, force or torque is developed from the tooth

edge. Thanks to the misalignment between teeth and magnets in the VHM, an advantage

is gained over the FRM by reducing cogging torque. This is achieved because each tooth

edge approaches the next magnet pole with di�ering angles, which when an average is

taken, nets a much lower cogging torque.

Furthermore, because the VHM is more �exible in its number of rotor poles, it is pos-

sible to customise the �ux harmonic components and alter machine performance. Fewer

rotor teeth and more misalignments tend to reduce cogging torque, but also EMF [156].

3.5 Structural Mass

Concerns regarding structural mass are extremely important to address such that they

can be understood and controlled. In DD wind turbines the machine structural mass

raises the foundation costs and LCOE [114]. However, the turbine remains structurally

sound and capable of deployment.

Wave energy converters, on the other hand, have an additional layer of di�culty in

this area. Unlike most wind turbines, many DD WECs are likely to be either �oating or

partially �oating. Because of this great care must be taken in the design of such WECs

as a heavy generator may reduce dynamic performance, or outright sink the device.

WECs are by default fraught with compromises when selecting wave resources, depth

and operability, PTO and maintainability, size and LCOE, and generator output vs cog-

ging forces. Any mass saved is highly bene�cial to WECs, widely expanding their appli-

cability and changes in commercial uptake.

3.5.1 Structural Mass Sources

Numerous forces impact the structural mass of an electric machine and are described by

McDonald [141] for a directly driven wind turbine as:

� Shear stress

� Normal stress

� Gravitational

� Dynamic
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� Thermal expansion

3.5.1.1 Shear and Normal Stress

Shear and normal stress are the two critical magnetic forces within the machine. Shear

stress is the useful component, enabling the development of force. The normal stress

is directed across the airgap and serves only to close the airgap. In force dense or DD

machines, due to a high airgap �ux density, the airgap closing force is signi�cant, requiring

a well-designed bearing and support structure to prevent de�ection into the airgap and

catastrophic damage.

In the pursuit of force density optimisation, the shear stress is often maximised. Al-

though the direction of shear stress makes it incapable of closing the airgap, most of

the high shear stress topologies discussed thus far achieve high shear stress through �ux

density and �ux linkage maximisation, which in turn drives up the normal stress. This

relationship can be seen in equations (3.3) and (3.4). Any increase in the �ux density

yields a linearly proportional increase in shear stress, but a squared increase in normal

stress.

The shear stress is given for a radial �ux PM machine by [141]:

σ =
1

2
B̂K̂ cos δ (3.3)

And the normal stress by [141]:

q =
B̂2

2µo

(3.4)

Where B̂ is the peak airgap �ux density, K̂ is the peak electrical load, δ is the dis-

placement, and µ0 is the permeability of free space.

There is not a great deal that can be done to reduce the normal stress in machines

without impacting the electrical performance. A common solution is to adopt air cored

generators [157, 158]. In doing so, the airgap is reduced, lowering structural requirements

and providing a lighter machine. Although, it has been found that the cost is still higher

[141].

A more interesting technique for structural mass reduction is design for force can-

cellation. Previously mentioned topologies have achieved this indirectly, such as multi-

sided/tubular con�gurations, and the VHM's misalignment. The former serves to balance

the forces between stator sides, and the latter to reduce through average force. One con-

cept manages to take this even further with a C-GEN topology [159], which uses modular

design and 3D �ux paths to make an encouragingly high-performance machine with min-

imal structural mass.
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3.5.1.2 Thermal Expansion

The thermal behaviour of machines is well understood. All electrical machines have

thermal rises associated with each loss component, although this is usually dominated

by the I2R losses in the stator. [141] describes a radial �ux machine having higher

temperatures in the stator, yielding unequal expansion, and de�ection into the airgap.

The thermal expansion of electric machines is inevitable, but management techniques

are well understood [160]. Heat can be managed through natural convection, �lling ma-

terial, cooling jackets, sprays, or other systems. However, in the context of wave energy,

the number of feasible cooling options is reduced. To remain economically viable WECs

must be as robust as possible with minimal maintenance; cooling systems will drive up

the costs.

3.6 Co-Design in Wave Energy

This thesis hopes to impress upon the reader that the design processes of WECs and their

associated PTO is a complex topic, this much must be clear from the fact that a thesis

devoted to co-design felt the need to split the topics across two chapters. Despite this,

the co-design of elements in a WEC are a crucially important topic worthy of further

research. This section aims to consult existing literature to address where they �t in the

co-design model.

In the co-design of DD-WECs there could be de�ned a range of design elements re-

quired to achieve true co-design:

� Wave resource availability

� Hydrodynamic motion of the WEC

� Model of the PTO

� Structural mass of the PTO

� Control of the system

� Cost analysis

� Power conditioning

� Grid integration

Each research contribution towards the topics could be said to �t somewhere on a

spectrum depending on how many elements are addressed, with each naturally adding

to the challenge of the research and the required skills needed to successfully implement

the project. As has been stated already, there are many projects that remain on the

fringes having no interoperability with the other �eld. In DD this is usually research on
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generator comparisons or optimization that are clearly driven by the WEC applications,

but include no hydrological content except for framing the research as a case study [110,

150, 148, 124]. On the opposite side of the spectrum is research into WECs which are

rich in hydrodynamic content, but either do not include PTO at all, or reduce it down to

a mechanical spring/damper system [22, 100].

On the DD side of the spectrum there is often research framed as being WEC oriented

but focusing on other co-design items, such as the generator structural mass [161, 159,

162], control [157, 133], or cost analysis [116, 95, 149].

Somewhere in the centre there are those contributions that �nd the co-design region

between WEC and DD-PTO [133, 156] that this thesis is focused on. Although, they do

not necessarily provide a true framework for full integrated design but appear more as a

linear process that moves from hydrodynamic design towards electrical design.

Going past this point leads to what is considered as a �Wave to Wire� framework

wherein all stages of the power conversion are modelled from wave hydrodynamics to grid

integration. Achieving such a model is a signi�cant challenge that requires strong skills

in hydrodynamics, electromechanics, control theory, and power electronics. In [163] a

summary is made in which di�erent types of WEC are tabulated on which stages were

modelled. It was found that at this time there were no true wave to wire models that

include all stages, although some came close [164, 165, 166, 167, 168].

The framework for full wave to wire integration put forward by [163] disquali�es highly

integrated models that do not implement non-linear e�ects of hydrodynamics from being

a full wave to wire model [164, 167]. This could be considered as an extreme end of

the integration spectrum and may not have been ful�lled yet due to the unique skillset

required, and it may not be possible to deliver such a project in a research environment

without a large team [166, 167], or being conducted in the context of a PhD thesis

[164, 165]. In some applications, value and high-�delity outputs can still be realised by

linearizing some aspects of the design [169].

Although it is not always possible to achieve full co-design depending on the research

context, there is still great value found in including several aspects of co-design from an

early stage of wave energy converter design to uncover issues sooner.

3.7 Conclusions

In this chapter, a review of the literature on high torque density machines has been

conducted with a focus on their applicability to direct drive wave energy converters. A

conceptual background was given on what direct drive is, and how a machine can be

suitable for direct drive.

Additionally, several machine topologies suitable for direct drive wave energy were in-

troduced and the necessary considerations in the design of direct drive machines expanded

upon.

Furthermore, the existing literature on the structural mass needs of directly driven
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machines was further detailed along with the challenges faced when integrating the gen-

erators into wave energy converters.
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Chapter 4. Mocean Case Study

4.1 Introduction

4.1.1 Mocean Energy

Mocean Energy is a wave energy converter (WEC) development company with strong

links to research institutions. They are developing multiple ranges of WECs.

The Blue Star (�gure 4.1) is intended to supply reliable electrical power to remote

subsea applications, such as research equipment, remote control vehicles, and oil & gas

infrastructure. To serve these applications, it has been designed to �t inside a 40 ft

shipping container for ease of delivery, holds batteries for more consistent power, and is

self-powered via solar panels.

The Blue Horizon is similar in concept and much larger in scale. It is purposed to con-

tribute to electrical grids in coastal areas. The design of the WEC has been updated and

optimised to reduce costs and improve performance; however, the operational principles

are quite similar.

Figure 4.1: Mocean Blue Star concept art [170]

4.1.2 The Mocean Concept

The Mocean concept is a �oating, hinged attenuator, comprising two buoyant hulls of

di�ering lengths connected via a hinge. When a wave passes by the WEC, each hull
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tracks the wave height at di�ering rates, allowing for a mechanism of power take-o� to

extract the mechanical energy from a wave into electrical power.

The attenuator topology of WEC has been proposed and developed by others [9, 39],

but the Mocean device stands out by its unique design and optimised geometry that

enhances its maximum sweep of motion and helps it to achieve a higher power density.

Figure 4.2: Diagram of the Mocean concept [171].

Hinged rafts have a distinct engineering challenge that must be solved; they tend to

have a very small angular rotation of 10◦ or less. Moreover, despite this small angular

displacement, one or more of the hulls periodically slams down as the wave falls, resulting

in a large impact force. The concept addresses this twofold; the end pieces of each hull

are designed such that on the downward slam, it does not simply crash against the water,

but dives beneath it, enhancing the degree of angular rotation. Moreover, because the

ends are designed like scoops, they entrap seawater, elevating the energy capture.

4.1.3 The Challenge

Figure 4.2 shows an outline of the Mocean architecture, including key structural features.

The hinged section functions as the nacelle, within which the Power Take O� (PTO) must

be housed.

The PTO requirements are:

1. Housed in nacelle

2. High power density

3. Extract power over small displacement at low speed

Mocean had in the past utilised a gearbox in their power chain but found it to introduce

an undesirable inertial load which had to be accommodated by the rest of the chain.
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The inertial load allowed the rise of a resonance that complicated control, and reduced

reliability and performance. Moreover, the gearbox was not well suited for the abrupt

reciprocal motion of the WEC, requiring an overrated gearbox to compensate for the high

wear. The gearbox was considered acceptable for a demonstration device but was decided

to be unsuitable for long life WECs [124].

In combination, all requirements demand that a directly driven (DD) machine be

applied for the PTO; particularly requirements 2 & 3. Mechanical power in a rotational

scheme is proportional to angular speed and developed torque. Therefore, because the

WEC is limited in angular speed, it further enforces that a DD machine with high shear

stress is considered.

4.1.4 Scope and Objectives

In this chapter, a comparison is sought to be made between directly driven machines for

their suitability to be deployed in the Mocean �Blue Star� wave energy converter. Using

this problem statement and �ndings from the literature (chapter 3), it is decided that

the two most promising candidates for the WEC in terms of power production, torque

density, and robustness, are the �ux reversal machine (FRM), and vernier hybrid machine

(VHM).

Here a case study will be developed as a framing device upon which to compare the

two topologies in terms of their application to a speci�c �Blue Star� construction. The two

topologies will be characterised, compared, and analysed concerning their electromagnetic

performance, cogging pro�les, thrust torque, and harmonic content. It should however be

noted that this case study was limited in time and did not a�ord the capacity to perform

an investigation of losses or a cost analysis.

Furthermore, a VHM prototype is constructed and presented for comparison and FEA

validation.

4.1.5 Participants

This chapter is the result of collaborative work funded by an Innovate UK Smart Award.

Those involved are as follows:

Mocean Energy: Initial electrical and mechanical design

Fountain Design Limited (FDL): Manufacture and testing of prototype

Newcastle University: Characterisation and optimisation for next iteration

Supply Design: Power electronic design

The goal of the project was to increase the technology readiness level and investigate

whether the FRM or VHM are suitable machine topologies for the Mocean devices. While
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all entities involved in the project were working towards a similar goal, they were each

separate and independent in their �ndings.

Mocean Energy is the product owner and is responsible for the conceptual design of

the WEC and provides the initial design electrical and mechanical design. In this project,

the prototype was designed, manufactured, and assembled by FDL, with Supply Design

providing the power electronic design required for adopting a direct drive PTO. The

author is associated with Newcastle University and was responsible for characterising and

optimising the proposed electric machine for use in the next phase of the development.

This extended further to comparing the FRM and VHM for their suitability for application

in the device.

Because the novel research in this chapter builds upon practical work from FDL, the

chapter must contain some work from other parties to contextualize the research. For this

reason, an e�ort is made here to clarify the contributions. All physical design, fabrication,

and practical testing of the machines in this chapter was conducted by FDL, with CAD

models and collected data made accessible. All �gures presenting their work state so in

the caption. The original work in this chapter begins where FDL's contribution ends. All

FEA based research is an original contribution along with �gures and results presenting

FEA content, and any discussion around them. The connection between FDL and the

original research is their experimental data, which was used to calibrate FEA models.

CAD drawings developed by FDL are presented to provide a clearer illustration of the

electric machine, they were not used directly in the FEA section but were used as a guide

to design parametric FEA models.

4.2 The Flux Reversal and Vernier Hybrid Machine

Generally, VRPMmachines are characterised by a series of magnets of alternating polarity

and short pitch, permeated by toothed iron poles, providing rapid reversal of �ux. There

is some variation between topologies in terms of orientation and placement of magnets and

coils and relative size of rotor tooth pitch and magnet pitch [95, 172]. Figures 4.3a and 4.3b

shows a VHM topology with 10 magnets mounted on each stator tooth, encompassed by

a single tooth winding. The rotor consists of regular teeth and slots to modulate the �eld.

In this example, 9 stator teeth are formed into 3 phases.

Two topologies in this family are the Flux Reversal Machine (FRM), where the number

of magnet and rotor pitches are equal, and the Vernier Hybrid Machine (VHM), where

they are not. In an FRM, all magnets in a single phase share the same relative position

with the nearest rotor tooth (�gure 4.5). This results in a high �ux linkage and hence

provides good electromagnetic performance. Unfortunately, the high alignment between

magnets and rotor teeth produces a strong cogging force. The VHM stems from the

Vernier Reluctance Machine (VRM) and integrates the FRM structure by moving PMs

to the stator and dropping distributed windings in favour of concentrated. It is from this

mixing of topologies that it gets the �Hybrid� designation.
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(a) Lab prototype constructed by Fountain
Design Limited (b) FEA model

Figure 4.3: Vernier hybrid machine used in the case study.

The FRM and VHM are of fairly similar construction and at large pole numbers are

quite di�cult to tell apart. Both are adapted to place all magnetic material on the stator,

leaving the rotor as a simple piece of laminated steel. The stators are split into modular

shoes with concentrated windings around the core and a series of alternating magnets on

the inner edge. Figure 4.3 shows a VHM with 10 magnets mounted on each stator shoe.

The reluctance variation is achieved in each topology by having slots cut into the outer

rotor. As the rotor is displaced, each cycle across North and South polarity magnets over

a relatively short mechanical displacement; achieving rapid �ux reversal and the apparent

magnetic gearing that these machines are known for.

In the VHM, the number of rotor pitches does not equal that of the magnet but instead

is de�ned as:

pr = pm ± pc (4.1)

Where pr is the number of rotor poles, pm is the number of magnet poles, and pc is the

number of coil poles. This relationship gives two possible designs that will form a part of

this study. These are termed VHM(�) and VHM(+), where the symbol signi�es the sign

taken in equation (4.1) such that VHM(�) has fewer rotor pole pairs than magnet pole

pairs, and VHM(+) has more. The VHM(+) has been shown to have a poorer induced

voltage and hence loaded torque performance [173], however, it will be included in the

study for the sake of fairness and comparison.

Because the pole numbers di�er in a VHM and the spacing between stator modules

is a non-integer, there appear patterns of misalignment between rotor teeth and stator

magnets. Because of this, each tooth within a phase reaches its point of maximum torque

at di�erent displacement angles. Thereby creating a blended cogging waveform wherein,

a kind of balance is struck between teeth and a smaller cogging torque pro�le overall.

This intra-phase balance is also rotated 120◦ into the other 2 phases, achieving further
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cancellation.

4.2.1 Cogging Torque & Harmonics

Consider a single tooth passing over a magnet pair with no current loading. For each

electrical cycle there are 4 positions of zero resultant torque, corresponding to full align-

ment (d-axis) and full misalignment (q-axis), where the centre of the tooth is aligned with

the point where magnets touch, see for example [174]. The �rst two points are shown in

�gure 4.4

Figure 4.4: Torque waveform for a �ux reversal machine with one phase active and the
rotor positions marked.

The cogging torque can be approximated to the sum of a fundamental and a second

harmonic. For a three-phase FRM, adjacent stator modules are separated by:

FRMgap = n
τm
3

(4.2)

Where n is an integer, and τm is the magnet pole pitch.

The cogging torque for the full machine is then, the sum of three waveforms shifted

by 120 electrical degrees. The fundamental and the second harmonic cancel out and so

the idealised cogging waveform would result in a zero cogging force three-phase machine.

Unfortunately, in practice, full cancellation is not achieved, and some harmonics remain.

Thanks to having a non-matching number of rotor and stator poles, the VHM can

reduce the cogging force experienced. By having misalignment between rotor teeth and

stator magnets, there is some cancellation between each phase and each magnet/tooth

interaction within each phase. This has the side e�ect of also reducing the peak magnet

�ux cutting the coils. This should mean that in selecting an FRM or VHM there is a

design trade-o� between cogging torque and peak torque capability. However, in practice,

the patterns of alignment and misalignment in the VHM introduce additional rotating
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harmonics into the air gap, some of which do useful work and improve the performance

of the VHM.

Figure 4.5: Relative tooth and magnet positions for a Flux Reversal (a), and Vernier
Hybrid (b & c) variant. In all variants, the left-hand tooth is fully aligned with the
magnet. In (c) the rotor pitch is less than the stator pitch, hence there is a higher number
of rotor poles and a greater overlap of teeth and the stator pole.

4.3 Methodology

4.3.1 Prototype Details

In this study, it is desired to construct a device matching requirements set in table 4.1.

As was described earlier, due to the type of WEC, the maximum speed of the generator

is extremely low, operating at a maximum speed of 14.3 rpm.

Parameter Value

Number of phases 3
Number of rotor pole pairs 51

Peak speed 14.3 rpm
Peak torque 1.85 kNm

Table 4.1: Parameters of case study

Because of the low speed, the generator must have a high number of poles to com-

pensate and output a su�ciently high electrical frequency and avoid unreasonable power

converter costs.

The dimensions of the constructed prototype are given in table 4.2 and describe the

device with a very wide aspect ratio, having a quite large rotor radius relative to the core

depth.

The materials used in the prototype are given in table 4.3.

4.3.2 Prototype Construction

The rotor is constructed out of a single stack of laminations with simple slotted geometry.

The stator however is more complex in geometry and assembly. It is split into several

discrete modules of identical lamination geometries, which are then assembled �rst into

stacks, and then into a cohesive stator iron.
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Parameter Value

Outer rotor radius (mm) 307.5
Airgap length (mm) 2

Magnet thickness (mm) 5
Rotor slot depth (mm) 3

Lamination thickness (mm) 2
Axial length (mm) 100
Turns per coil 1300

Table 4.2: Prototype dimensions

Component Material

Rotor
DD11 steel

Stator core
Magnets N42H
Adhesive Ni Cu black epoxy
Coils `Magnabond' CAB200 copper

Insulation Tufnol

Table 4.3: Materials used in machine construction

This modular design of the stator maintains ease of construction regardless of the

machine size and keeps costs as low as possible. Additionally, the machine utilises discrete

windings, it is convenient to wind each stator module separately before assembly, allowing

for simple winding and a higher possible �ll factor. A higher �ll factor in turn ensures

the thermal performance of the stator is at its best.

The winding of a stator module can be seen in �gure 4.6 as fabricated by FDL. Here it

is shown that the stator coil is wound with a simple rotational winder where the module

is rotated while the wire is held in tension. Additionally, the coil is held in place with an

insulating guide. It can also be noticed in �gure 4.6b that because of the high number

of turns, the winding is quite thick relative to the module geometry and may struggle to

stay in place if not for the guide. Moreover, as the winding reaches its maximum radius,

it deforms the guide outwards. This is unlikely to have much impact on the electrical

performance of the generator but seemed worth noting.

The magnets of the machine are designed to be as close to fully pitched as possible.

However, it is di�cult to assemble a machine where magnets are fully pitched; the strong

attraction between them can cause slamming and shattering during insertion. In the

prototype, small extrusions are marked out the inner edge of the stator modules to assist in

magnet locating during adhesion, reducing the magnets to slightly less than fully pitched.

These can be seen in �gure 4.7.

The VHM prototype design can be seen in full in �gure 4.8. Each sub�gure shows a

CAD model of the component once assembled. It should be noted that the rotor and stator

have spoked support hubs to provide structural strength. The rotor has 6 spokes, and the
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(a) Mid-winding (b) Post-winding

Figure 4.6: Stator winding process conducted by Fountain Design Limited.

Figure 4.7: Empty stator module showing magnet locating ribs as constructed by Fountain
Design Limited.
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stator has 9, one for each stator module. It is done so because each stator module holds

magnets and marks a point of high attraction force. The stator also has an additional

support structure around the intra-module connection areas to prevent modules from

slipping out of alignment.

(a) Rotor (b) Stator

(c) Full assembly

Figure 4.8: CAD models of the VHM prototype produced by Fountain Design Limited.

4.3.3 Prototype Setup

Often, when a machine prototype is constructed, its behaviour is characterised by con-

necting it to a dynamometer. However, due to an appropriate dynamometer not being

available during the project, it was decided to construct two identical prototypes and

connect them to a common shaft �back to back� as shown in �gure 4.9.

The performance of either machine can be assessed by operating one as a motor, and

the other as a generator. This enables simultaneous monitoring of the prototype in both

modes and allows e�ciency to be calculated from the power input and output of each

machine. Operating in this way provides a simple solution to assessment, provided that

both machines are identical and without faults.
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(a) Isometric (b) Side

Figure 4.9: CAD models of VHM test rig produced by Fountain Design Limited.

4.3.4 Justi�cation of FEA Comparison

This chapter seeks to make a fair and direct comparison between the FRM and VHM

topologies using Finite Element Analysis (FEA) and supported by experimental results.

All simulation work was done using the software MagNet [175] in 2D mode.

The FRM requires a 120° spacing between phases to function, but the VHM designs

do not. Therefore, an FRM cannot operate using a VHM stator, but a VHM can operate

using an FRM stator.

If an FRM and VHM were designed using a spacing of 1.3̇ magnet pitches between the

stators, the VHM(�) would not be feasible as the three phases cancel out. For this study,

it is necessary to use di�erent stator spacings for the two machine types. There hence will

be a slight di�erence in the number of magnet pole pairs in the air gap circumference.

Fixing the stator in this enables the major geometry of all topologies to remain consistent

and the quantity of magnetic material to be �xed.

In all topologies, there are 3 coil pole pairs, and the rotor is a slotted and laminated

iron structure. The FRM has 57 rotor pole pairs and the VHM rotor pole pairs are

found from equation (4.1) to be 51 or 57 for the VHM(�) and VHM(+) respectively, as

summarised in table 4.4.

FRM VHM(+) VHM(�)
Stator teeth 9

Magnets per stator tooth 10
Magnet pitches between stator teeth 1.3̇ 1

Coil pole pairs 3
Magnet pole pairs 57 54
Rotor pole pairs 57 51

Table 4.4: Machine con�gurations

In the FEA study, elements of the machine geometry were parameterised into a series

of ratios. For example, the rotor tooth ratio is the rotor tooth width as a fraction of the

rotor pitch. For all designs, the ratios were optimised for peak induced voltage.
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4.3.4.1 FEA Mesh

The meshing properties used for the models are shown in �gure 4.10 highlighting the mesh

at varying levels of zoom. Features of the prototype, such as holes, lamination bolts, and

coil guides were omitted in the FEA model.

(a) Full model (b) Single module

(c) Tooth, airgap, and magnet

Figure 4.10: Mesh used in the FEA validation model for a vernier hybrid machine.

Because the VHM and FRM topologies have a high airgap �ux density and high rate

of �ux reversal, most of the coenergy is stored in the airgap. For this reason, the airgap

is a crucially important area and requires a �ne mesh. To achieve this, the airgap is split

into four regions:

� Rotor remesh

� Inner airgap
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� Outer airgap

� Stator remesh

The inner and outer airgap provide the �ne mesh and are split into two regions to

further re�ne the mesh into two layers. The rotor and stator remesh regions are separate

from the airgap regions to prevent overly dense elements in non-critical areas and minimise

solving time. Figure 4.10b shows the remesh regions best. The area between rotor teeth

and stator modules is less important and can have a coarser mesh. Meshing can be done

with fewer regions and a weighted mesh, but splitting into four regions allows for a tight

airgap mesh with well-de�ned edges.

The remesh regions occupy 25% of the airgap, and the airgap regions cover the central

50% of the airgap, split evenly between them.

4.3.5 Experimental Comparison to FEA

As a means of evaluating both the modular prototype quality and accuracy of FEAmodels;

a comparison between the two is made. There here has been one topology constructed -

A VHM with 51 rotor poles and 54 stator poles. This is used to con�rm the validity of

corresponding FEA models, which are then manipulated to study the VHM topology and

two other similar ones.

4.4 Experimental Validation

4.4.1 Notes on Modular Design

The prototype was built modularly to alleviate the common wave energy converter concern

of maintenance; if there is a failure, a single module can be swapped out for repair.

Due to imperfections of the stator modules and eccentricity of the rotor, the airgap

varied around the circumference and in time. This yielded diverse performance across

stator coils and is apparent in the results.

VRPM machines require a small airgap to perform well, 2 mm in the case of this

VHM prototype. Because of this, an airgap change of 0.5 mm represents a quarter of the

airgap length. This makes the topology and machine family highly susceptible to irregular

airgaps and require tight tolerances to succeed in modular form.

4.4.2 Comparison

Experimental and FEA models were driven at 0.5159 rad/s and the result of one electrical

cycle is displayed in �gure 4.11a including the highest and lowest voltage producing stator

coils. The issues during manufacture produce slight deviations in the stator modules from

the designed speci�cations, resulting in a magnitude di�erence of 13.87% between the

highest and lowest modules. One electrical cycle for the maximum and minimum peak

amplitude are plotted with the FEA results for comparison.

59



CHAPTER 4

It should be noted here that the waveforms do not end at the same time in �gure 4.11a

because the rotor speed was not constant through the experimental measurement. This

is problematic because the voltage is proportional to the rotor speed. For fairness in the

comparison, all 3 waveforms were scaled to 1 rad/s and plotted against the electrical angle

across one cycle, shown in �gure 4.11b.

In the unaltered output, there is a Root Mean Squared Error (RMSE) of 14.40 V (19.2

%) and 8.01 V (10.7 %) between the FEA result and the lowest and highest experimental

data respectively.

This validates the simulations, which are now used to compare the FRM and VHM

topologies.

(a) Unaltered output (b) Scaled to 1 rad/s and normalised to one elec-
trical cycle

Figure 4.11: FEA model compared against the maximum and minimum peak induced
voltage from experimental data.

4.5 Simulated Fully Pitched Comparison of FRM and VHM

Three FEA models were used to compare the �ux reversal and vernier hybrid machine in

terms of induced voltage, cogging torque, and thrust torque.

Before the results are discussed, a brief explanation of the parameterised ratios should

be made. Two ratios regularly referred to in the analysis are:

Rotor Fill Ratio mechanical rotor tooth width to rotor pitch width

Magnet Fill Ratio of magnet width to magnet pitch

The magnet �ll is set to unity, i.e. fully pitched, and the rotor �ll is set such that the

rotor tooth width is equal to the width of one magnet.
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4.5.1 Unloaded

The three topologies were simulated via FEA at a constant speed of 1 rad/s across one

electrical cycle at open circuit.

Figure 4.12a shows the unloaded induced voltage normalised across one electrical cycle.

The VHM(�) achieves the highest induced voltage of 142.83 V and the FRM and

VHM(+) are 0.62% and 18.20 % respectively.

As explained in section 4.2, the magnets simultaneously reach complete alignment

with the rotor teeth in the FRM, enabling the maximum �ux linkage possible without

using �ux concentration techniques.

(a) Induced voltage (b) Cogging torque

Figure 4.12: Electrical performance with no load

Applying only this logic, the VHM designs might be expected to have a lower voltage

amplitude as the intra-phase magnets reach the peak �ux position in o�set patterns,

reducing the overall �ux linkage by intrinsic operation. In practice, this is partially true,

but only for the fundamental harmonic. In the VHM, by having a mismatch between the

rotor pole and magnet pole number, there is the additional e�ect of introducing stationary

and rotating harmonics into the air gap [176]. Depending on the speci�c pairing of poles

in the machines, some of these harmonics do not cancel out between phases, impacting

induced voltage and torque production positively or negatively. In the case of the VHM(�

), it can compensate for alignment �ux linkage loss and competes well against the FRM.

The VHM(+) however, develops little bene�t to the induced voltage.

Because each plot for induced voltage is sinusoidal, the discussion of additional har-

monic components adapting the performance of VHMs is not visually clear. Harmonic

analysis is out of scope for this section and is expanded upon in section 4.5.4. The impact

of harmonics is more visible in the cogging torque of the three machines.

In �gure 4.12b, it can be seen that the previous description of the FRM holds. There is

a strong 6th harmonic dominating the waveform at a 40.1 Nm magnitude and having the

appearance of a pure sinusoid. The waveform in this case is simple. Across one electrical
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cycle, each phase passes two points of maximum alignment between magnets and teeth,

yielding six peaks overall. The reason for such purity in the FRM is due to the fully

pitched con�guration. If the tooth width were not equal to the magnet width, it would

allow for the interaction of other harmonics (section 4.5.4). The integration of further

harmonics serves to reduce cogging torque at the cost of a lower induced voltage.

The VHM topologies have lower cogging torques, 45.94% and 76.33% for the VHM(�

) and VHM(+) respectively. The misalignment of rotor teeth causes the torque from

individual tooth/magnet interactions to partially cancel out, especially in the VHM(+)

where the cogging torque is lowest. This leaves behind a mixture of a 3rd and a 6th

harmonics. Unlike the FRM, the VHM designs are founded upon misalignment and

are free of the ideal of equal tooth/magnet width. For the VHMs, variation of magnet

and rotor �ll allows for some tuning of harmonics in the airgap. In doing so, a most

customisable balance between cogging torque and voltage can be found. However, the

optimal tooth and magnet �ll tend to yield a compromise between the two.

In the hinged Mocean device, a high cogging torque will prevent motion between the

hulls at low wave amplitudes, reducing the energy capture bandwidth.

4.5.2 Constant Current Density Electric Loading

To assess the loaded performance of the three models, they were simulated at 1 rad/s under

a �xed current load of 2 Arms/mm2 for one electrical cycle, and the results presented in

�gure 4.13. The electrical load was achieved by controlling AC current in each coil to be

in phase with the back EMF.

The three topologies achieve similar loaded voltages where the VHM(+) achieves the

highest magnitude, and the FRM and VHM(�) are 5.46% and 13.66% lower respectively

Figure 4.13 shows the back emf and torque pro�le for the three considered designs.

The summarised results for torque production are shown in table 4.5. The FRM and

VHM(�) are shown to have approximately equal average torque of 2500 Nm, with the

VHM(+) delivering around 20% less. Despite quite di�erent cogging torque amplitudes

in unloaded conditions, all variants have similar cogging torque percentages.

Topology Average (Nm) Ripple
(%) (Nm)

FRM 2548 11.48 292.51
VHM(�) 2519 12.04 303.29
VHM(+) 2034 12.09 245.91

Table 4.5: Summary of loaded torque of three designs

Table 4.5 shows that the VHM(�) maintains the electrical performance of the FRM

quite closely. The topology e�ectively reduces and smooths the cogging torque, without

enforcing much compromise upon the rest of the system. It is also clear that not all

VHM con�gurations are created equally; the VHM(+), although initially promising with
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(a) Voltage (b) Thrust torque

Figure 4.13: Electrical performance at current density 2 Arms/mm2

the smallest cogging torque, brings upon similar reductions in no load EMF and loaded

torque production.

This is the electrical performance at one current loading condition and is a small

window into the machine characterisation. This represents the machines in unoptimized

and fully pitched tooth/magnet con�gurations. Performance changes can be made with

adaptions to geometry or �ux optimisation.

Depending on the deployment location and target wave states of the WEC, the

VHM(+) could be seen as a strong candidate. Lower cogging torque would enable the

device to capture weaker wave energy states, shifting the capture bandwidth towards

lower ranges. However, this is not the case in the case study at hand. For the WEC in

question, high power density with acceptable cogging torque is more favourable, making

the VHM(�) the preferred con�guration. The Mocean WEC is marketed to �t inside

a 40 ft shipping container. A tight form factor and high-power density are essential to

keep within transportation constraints and ensure the limited buoyant load capacity is

not exceeded.

For these reasons, the VHM(+) is henceforth dropped from further consideration in

this section such that additional focus and analysis can be placed upon the FRM and

VHM(�).

4.5.3 Rotor Tooth Sensitivity

In the previous sections, the rotor �ll was set separately to �x the width of rotor teeth

to that of a single magnet. In this section, the rotor �ll was varied from 0.1 to 0.7 in

steps of 0.025 for the FRM and VHM(�), while the magnets remain fully pitched. The

simulations were conducted under no-load conditions at a rotational speed of 1 rad/s and

the results are presented in Figure 4.14. The voltage magnitude is presented as a smooth

line on the right axis, and the cogging torque is shown by bars for the maximum and
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minimum values.

(a) Flux reversal machine (b) Vernier hybrid machine

Figure 4.14: Cogging torque ranges plotted together with peak voltage across a range of
rotor tooth ratios. The cogging torque is on the left axis and uses error bars to represent
full waveform in terms of average, and minimum/maximum peak positions. The voltage
magnitude on the right axis is presented as a smooth line.

In �gures 4.14a and 4.14b the peak voltage increases with rotor �ll, reaching a max-

imum of 187.76 V at 0.2 �ll in the FRM (�gure 4.14a) and 178.95 V at 0.275 �ll in the

VHM (�gure 4.14b). After this point, the voltage gradually declines as the tooth width

approaches and overtakes the width of one magnet.

Although the decision to match rotor tooth width to magnet width has been justi�ed,

in both cases, the point of �xed tooth width is far from the optimal point of peak voltage;

0.4755 and 0.5315 for the FRM and VHM(�) respectively. These starting points also bear

unfavourable cogging torque for both designs.

The peak voltage follows a simple curve for both machines wherein there is an optimal

tooth width and a gradual drop o� on either side where the rotor tooth becomes too small

or large; both extremes for the VHM are shown in �gure 4.15. When the tooth is small,

the tooth becomes saturated limiting performance. When too large, the tooth overlaps

magnets of alternating polarity, complicating the �ux direction, and enhancing leakage

paths.

In both models there is a rhythmic rise and fall to the cogging peaks with rotor �ll

with a fairly signi�cant di�erence between highs and lows where there is cancellation of

harmonics. It can be assumed then that the conclusion of section 4.5.2 is accurate only

with some constraints attached. Both topologies have quite some capacity for electrical

customisation and are sensitive to changes in rotor tooth width. More importantly, the

point of peak voltage for both machines do not necessarily correspond to a point of

maximal cogging torque; a particularly useful fact when considering the application of an

FRM.

Table 4.6 summarises the �ndings in �gure 4.14. Here it is shown that through optimal
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(a) Rotor tooth ratio = 0.1 (b) Rotor tooth ratio = 0.8

Figure 4.15: Comparison of rotor tooth width in a VHM.

rotor tooth width selection, the FRM and VHM achieved 32% and 25% increase in back

emf respectively. Moreover, they did so while reducing the cogging torque peaks by 29%

and 47%. It can be noted that at the optimal design points, the FRM achieves the best

peak voltage at around 5% higher than the VHM. On the other hand, at almost every

design point, the VHM has lower cogging peaks. At the optimal point, the VHM cogging

is 50% that of the FRM.

Topology Peak Voltage Peak Cogging Torque
Original
(V)

Optimal
(V)

Change
(%)

Original
(Nm)

Optimal
(Nm)

Change
(%)

FRM 141.95 187.76 32.27 42 30 -28.57
VHM(�) 142.83 178.95 25.29 22 15 -46.67

Table 4.6: Summary of optimised tooth widths

4.5.4 Cogging Harmonics and Tuning

In three-phase machines, the interaction of magnet �elds creates a cogging torque pro�le

which is variable relative to rotor position. This torque pro�le is not just a singular

waveform, but rather, built up of harmonic components which can be used to further

explain the developed torque and further optimise it. One of the bene�ts of three-phase

electric machines is that strong harmonics generated from a single phase are partially, or

completely cancelled out, greatly reducing the overall waveform. However, this does not

apply to the multiple of 3 harmonics in these machines.

This concept can be better demonstrated by assessing the harmonic content of one of

the models. Figure 4.16 shows the harmonics for the FRM machine across the range of

rotor tooth ratio values given in section 4.5.3. The waveforms across the range can be

approximated to a 3rd and 6th harmonic, all other harmonics have either cancelled out or

are insigni�cant.
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Figure 4.16: Cogging torque harmonics across a range of rotor tooth ratios for the FRM.
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Each harmonic is variable in magnitude across the range of values, cycling from zero

to the maximum. It should furthermore be noted that as the magnitude crosses the zero

line, the polarity of the harmonic phase angle completely reverses. This suggests that the

direction of torque application for the harmonic component periodically changes direction

due to an interaction between the rotor and stator.

Figure 4.17 shows a third and sixth harmonic waveform with an example rotor tooth

drawn on. If that tooth were to move right; the left side will experience an increas-

ingly positive attraction force from the 3rd harmonic, and the right side will experience

a negative attraction force of equal magnitude. The two forces on the tooth cancel out

completely and the harmonic contributes no cogging torque. This is the case in the 3rd

harmonic when the rotor tooth ratio is approximately equal to 0.0175 and 0.5 for the

FRM, the harmonic is e�ectively tuned out and contributes no cogging torque. This was

the case in the prior comparison wherein the rotor tooth width was equal to the width

of one magnet, which removed the 3rd harmonic, leaving only the 6th harmonic as a near

pure sinusoid.

However, in the same �gure it can also be seen that when the tooth moves right, both

sides of the tooth are subjected to equally positive attraction forces from the 6th harmonic

with doubled magnitude. Hence, for this tooth, it is possible to tune out the 3rd harmonics

but doing so heightens the contribution of the 6th harmonic. Moreover, the 6th harmonic

visibly reaches much larger magnitudes and represents a better candidate for reduction.

Figure 4.17: Example 3rd and 6th harmonics across one electrical cycle with a single tooth
drawn on top.

Cogging torque reduction would be well achieved if tooth width selection could cancel

out all harmonics. As was already seen, an attempt to eliminate the 3rd, maximises the
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6th; any attempt to cancel out the 6th results in the 3rd being �xed to half its maximum

magnitude. As the contributing harmonics are multiples of each other, it precludes a

machine with consistent tooth shapes from completely removing cogging torque through

conventional means.

Furthermore, this is just a view from a purely harmonic standpoint. Although it is

theoretically possible to target or exclude some harmonics it is not necessarily possible to

do so. As was addressed prior, at small tooth widths, there is an issue with cogging, and

at large ones, an issue with �ux leakage. Moreover, small teeth or slots can present an

engineering challenge to manufacture, assemble, or maintain the rotor; presuming small

teeth can survive regular operation.

4.6 Conclusions

In this chapter, the FRM and VHM topologies have been compared for application in a

hinged wave energy converter. The two topologies were compared with the rotor tooth

width equal to the width of one magnet.

In open circuit conditions, the VHM(�) achieved the highest back EMF while the

FRM and VHM(+) were 0.62% and 18.20% lower. The VHM(+) and VHM(�) had lower

cogging torque peaks, 45.94% and 76.33% respectively.

With an AC electrical load applied, the VHM(+) achieved the highest voltage, followed

by the FRM and VHM(�) which were 5.46% and 13.66%. Despite producing the highest

voltage, the VHM(+) developed 20% lower torque than the others.

It was further revealed that the rotor tooth width in slotted VRPM machines has a

high impact on the cogging torque harmonic content, phase, and magnitude. Because

of this, it is challenging to select the appropriate geometry at which a fair comparison

between the topologies can be made. Often in machine comparisons, authors choose

to �x electromagnetic parameters such as magnet mass or active area. In the case of

VRPM topologies, it is also important to �nd a means of setting the tooth width such

that fairness in the comparison can be found. With the high sensitivity of voltage and

cogging torque to tooth width, it is likely true that there is no singular point representing

fairness between the two designs. More likely, it is better to incur the higher cost of a

wide simulation sweep to optimise the rotor tooth width for each model and make a fairer

comparison therefrom.

More importantly, it has been demonstrated through this chapter that the cogging

torque pro�le, and by extension, the torque ripple for VRPM machines is not an intrinsic

property of the topology; but rather, can be customised without resorting to cogging

torque reduction techniques. It is therefore decided that the FRM be carried on into the

following chapters due to its higher peak voltage.
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Chapter 5. Hydrodynamic Design of a Wave Energy Converter

5.1 Introduction

In the design of a Wave Energy Converter (WEC), it is important to use hydrodynamics.

This chapter is dedicated to framing the selection of a WEC, selecting, and analysing a

deployment, and using an analytical model.

5.1.1 MU-EDRIVE Project

This research in this chapter was conducted as part of a funded Engineering and Physical

Sciences Research Council (EPSRC) project. The project is named, �Marinization and

Upscaling of an all-Electric Drive� (MU-EDRIVE) [177]; A partnership between Newcastle

University, Edinburgh University, and industrial partner Mocean Energy. MU-EDRIVE

seeks to upscale and marinize a fully electric wave energy converter.

The goal of the project is to develop a fully electric Power Take O� (PTO) for a WEC

at a meaningful power output scale, which will be proven at sea for 12 months. Through

the deployment period, operational data will be accrued to assess device performance and

build investor con�dence in wave energy devices.

Furthermore, the project aims to address a major issue faced by WECs. In WECs, the

PTO is generally housed inside the WEC in a water-tight compartment requiring seals to

prevent water ingress. This requires regular maintenance to ensure the seals are in good

condition, driving up operational costs; the issue is particularly severe in linear PTO, as

linear seals have a lower life expectancy. In MU-EDRIVE the goal is to develop a fully

marinized PTO by running the machine �ooded and removing the need for seals.

A �ooded generator bene�ts natural cooling from the cold water but has many chal-

lenges that must be overcome. Because the generator is open to the sea, it is under con-

tinuous threat from corrosion, biofouling, and ingress of particulate matter. The project

therefore aims to work with industrial partner Mocean, and bio-fouling specialists to

protect the PTO.

Corrosion protection of outer bodies is the most simplistic, is achieved through coat-

ings, and has little impact on generator integration. Antifouling measures, on the other

hand, have a direct impact on the generator requirements in this project. Ultraviolet

LEDs are used as an antifouling measure to prevent bio�lms from forming inside the gen-

erator. The Ultraviolet lights, in combination with required protective coatings, bearings,

and a water gap result in a large 5 mm magnetic airgap.

Newcastle University has a buoy o� the coast of Blyth, UK, which is dubbed the

�Acoustic Network Gateway Buoy�, and was deployed in a previous project (USMART)

[178]. It was originally expected that this buoy would be adapted to carry the WEC,
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introducing further constraints on how the conversion could be achieved without damaging

the buoy or interfering with the USMART project. This design work is however not

presented in this thesis as it was found to be too restrictive for an IPS buoy concept, with

a bespoke design �ow selected instead.

5.1.2 Selection of WEC

Chapter 2 presented a diverse range of WECs. One of these devices is selected here,

which can showcase the integrated design of a direct drive power take o�. For small-

scale devices, linear direct drive PTO is suitable for use in point absorber WECs. The

small size of point absorbers is adaptable for any test or deployment location and at any

prototype scale; moreover, the similarity of point absorbers to navigation buoys allows

for the conversion of existing infrastructure and the reuse of mooring points.

Many point absorbers use vertical oscillatory motion on one or more bodies with

an amplitude varying with the sea state. To convert power, the PTO must react a force

against this motion, requiring an inertial reference, typically the sea �oor or a high inertia

body. To demonstrate DD design, a heaving IPS buoy will be investigated, a diagram of

the device is shown in �gure 5.1.

Translator

Stator

PistonCylinder

Float

Shaft

Tube

Tube Length

Float Radius

Figure 5.1: Direct drive IPS buoy layout

5.1.3 Scope and Objectives

This chapter is focused on the design process of a wave energy converter, starting from

a wave energy resource location, and ending with a well understood search space upon

which the WEC can be sized, and the PTO device may be designed and integrated.

The goal is achieved through the development of a hydrodynamic model of a two-body

WEC. This model is used to characterise the WEC behaviour, understand the impact

of design variables, and optimise the WEC for maximum power output. By necessity,
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the model developed relies on simpli�cations and assumptions to focus on the PTO and

system-level design. The inclusion of hydrodynamic mathematics and design techniques

of out of scope for this chapter.

A mathematical model of the requisite geometry for a neutrally buoyant piston is also

provided in this chapter and used in the next chapter.

5.2 Selected Location

Blyth, UK, is the selected location for deployment from a compromise between wave

resource, and local access. Additionally, the university already has resources in the area

in the form of a vessel and mooring site. However, a caveat of this is that the size of

WEC deployable is constrained to the lifting capacity of the vessel unless another were

to be acquired.

5.2.1 Data Resource

The sea state on site must be understood before a WEC or PTO can be sized. There

are several coastal monitoring groups around the UK set up to understand the health

of our coast and how it changes over time. The National Network of Regional Coastal

Monitoring Programmes (NNRCMP) [179] is a collection of regional programmes that

collects large quantities of data around England and Wales, made publicly available for

research and monitoring purposes. Their datasets contain wave and tidal data both in

real time and historically. Additionally, they also perform in-person surveys, track storm

thresholds, and provide a wealth of other reports and resources. However, only the sea

state data is relevant to this thesis.

The sea data was collected via a 'Datawell Directional WaveRider Mk III' buoy at an

approximate water depth of 18metres and is located 1 mile o� the coast of Newbiggin-by-

the-Sea as shown in �gure 5.2. The data buoy records constantly, but in the long-term

dataset, these observations are processed in 30-minute intervals.

This model of data collection buoy measures the sea state in the following metrics:

Location: Latitude and Longitude of the buoy.

Signi�cant Wave Height (Hs): Average height from peak to crest from the highest

3rd of waves (m).

Max Height (Hmax): Maximum height of the largest wave (m).

Peak Period (Tmax): Period of the wave with the highest energy (s).

Zero Up-Crossing Period (Tz) Average zero up-crossing period (s).

Peak Direction: Dominant wave direction (◦).

Spread: Directional spread of waves from peak direction (◦).
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Figure 5.2: Map of Blyth/Newbiggin-by-the-Sea area showing location of data collection
buoy marked in green [179].

Temperature: Temperature of the sea (◦C).

Energy Period (Te): Period between zeroth and �rst negative values in the frequency

spectra (s).

Some example from the dataset for the year 2022 is shown in �gure 5.3. These radial

plots present the frequency that the signi�cant wave height and peak period occur, relative

to the wave source direction. For directional WECs such as attenuators, wave rose plots

are used for the planning of installations. However, they are used only for demonstrative

purposes here as the target WEC is a point absorber and direction agnostic.

It can be seen here the waves experienced are almost exclusively sourced from the

North, with the highest concentration of high period waves arriving from the North East

direction (�gure 5.3b). This is the expected wave resource direction, as Northeastern

England is generally impacted by continental polar weather systems.

5.2.1.1 Data Quality

Although the data acquired from NNRCMP is an excellent resource with data spanning

almost 10 years, there are some caveats about the data to be noted.

Data collection buoys are under similar challenges as WECs in that they must survive

long periods moored in situ regardless of the sea state. The buoy has a scheduled service

approximately every 6 months. Even so, there have been times when either the buoy or

onshore station has equipment failures, or the buoy gets cut loose and goes adrift.

The buoy drift can be seen best in �gure 5.4a. The mooring location is 55◦ 11.11' N,

001◦ 28.69' W, but in some cases, the buoy has drifted as far as 6 minutes South and 8
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(a) Signi�cant height (b) Peak period

Figure 5.3: Wave rose plots presenting frequency and direction of wave states during 2022
at Newbiggin-by-the-Sea. Data taken from [179].

minutes East of the monitoring location.

In these times of servicing, breakdown, or drifting, the data is either cut o� or unre-

liable depending on how far it drifts. Therefore, there can be large gaps in the dataset

when the buoy is o�ine or data is corrupted, or otherwise removed. During some years

the data loss spans several months. This is undesirable and can skew the true sea state,

particularly if winter data is missing.
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Figure 5.4: GPS location of data collection buoy during at Newbiggin-by-the-Sea. Data
taken from [179].

In the following analysis of wave states, only the year 2022 is considered because it has

the lowest data loss of 2.8% as compared to 15% in 2019. Furthermore, there are no gaps

in the dataset lasting more than 12 hours during this period and there were no incidents

of equipment or mooring failure.
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5.2.1.2 Data Processing

In the dataset, every 30-minute interval must have valid data associated, otherwise, large

gaps may cause misleading statistics, particularly cumulative statistics. Each variable of

the dataset was interpolated in a layered approach.

First, a moving average of �xed window width is used to �ll gaps smaller than the

window width. This is done with a 24-hour window, followed by a 7-day window. Lastly,

any remaining gaps are �lled with linear interpolation.

Figure 5.5b demonstrates the 24-hour interpolation. The moving average achieves a

close �t to the measured data, but the method requires the gap in data to be less than

24 hours and can therefore not interpolate the full dataset.

The interpolation of wider gaps is highlighted in �gure 5.5a. The 7-day moving average

is used to provide a wider �ll range with a modest �t to the dataset. Finally, any gaps

larger than 7 days in length are linearly interpolated, because moving averages with larger

windows were suspected to give misleading results.

In the select date range of the dataset, only the 24-hour window interpolation was

required because the gaps in data are small, but it is important to note how the dataset

was prepared for the full dataset.
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Figure 5.5: Interpolation of sea data

5.2.2 Analysis of Location

The wave resource in terms of peak period and signi�cant height is displayed in �gure 5.6.

The data has been collected into a 2D histogram viewed from the top and coloured by

probability. Because the data is collected into bins, they form a kind of resolution when

looking at the data. If too few or too many bins, the data becomes less informative. For

this reason, it is presented here with bin quantities from 20 to 50. Additionally, there

are some bin numbers wherein no wave periods occur. This is a quirk of statistics and is

likely due to the wave period having a wide range.
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(c) 40 bins per axis
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Figure 5.6: Signi�cant wave height and energy period in Newbiggin-by-the-Sea across the
year 2022. Data taken from [179].

75



CHAPTER 5

It can be noted �rstly that the sea state is most commonly between 2 - 8 seconds and

less than 1.6metres for the peak period and signi�cant height respectively. Where the

absolute peak is at 5.38 seconds and 0.67metres respectively. These most common waves

are quite some way o� the ideal 10-second wave that wave energy developers are often

pursuing. With that said, the resource is more than su�cient for a research application.

The wave states shown so far have related only to the probability of occurrence. That

is however not the only perspective under which to assess a wave resource. Because the

power per metre of wavefront in kW is approximately P ≈ 0.5TH2
s , i.e. P ∝ T , P ∝ H2

s .

The wave state for the highest annual yield often does not correspond with the most

probable wave, this is demonstrated in �gure 5.7.

In �gure 5.7 can be seen that to achieve a high annual yield; more powerful, but less

common waves must be selected. Moreover, some waves containing the highest annual

yield occur at rare but extremely large waves. Given that the storm alert threshold is

marked by [179] as 3.32 m, these large waves are likely to damage any device not prepared

for it.
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Figure 5.7: Comparison of probability and annual yield at each wave state.

As point absorbers tend to operate best at a speci�c wave frequency, it can be ar-

gued for a commercial energy production device whether it is better to target powerful

infrequent waves for maximal net power, or weaker frequent waves for more consistent

generation. The WEC deployment considered in this thesis is for research purposes, it

is better to transmit a regular supply of data to shore, and so a wave of 1 m signi�cant

height and 6.5 s period is selected going forward.

5.3 Derivation of Hydrodynamic Model

5.3.1 Hydrodynamic Model

To minimise modelling and computational complexity there are some hydrodynamic as-

sumptions made:

� Linear wave theory is applied. Sinusoidal waves are assumed.

� The acceleration tube is placed su�ciently far below both the �oat and the waves,

such that any excitation force from either can be neglected.
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� The radiation damping force on the buoy is modelled by a representative damping

force.

� The power take o� force is represented by a spring-damper system.

� The buoy is a vertical cylinder that oscillates in pure heave.

� The piston is watertight and neutrally buoyant.

� Friction between the piston and cylinder is neglected.

� During piston decoupling, the piston behaves as a drag plate.

� The tube is fully and constantly submerged.

Using these assumptions, a mechanical model for a generic two-body, heaving WEC

can be developed. The �oat is acted upon by gravity due to the material mass of the

�oat, tube, and cylinder. Equally so, the same components are pushed to the surface

by a buoyancy force. It can be noted that the buoyancy force is described as a static

component from the tube and cylinder, and a variable component from the �oat, which

is dependent on the submerged volume. Additionally, there is a radiation force upon the

�oat; here represented by a damper between �oat and wave. Finally, there is a force from

the power take o� with a spring and damping component.

It is assumed that the piston is neutrally buoyant, so the gravitational and buoyant

forces cancel out, leaving only the PTO forces acting on the piston body. A free body

diagram for this system is shown in �gure 5.8.

Incident wave

Mass, m1

Cw yw, y1, y2y10

KPTOCPTO

Mass, m2

Figure 5.8: Mechanical model of a two-body system operating in heave.

Any mechanical body that is displaced through a �uid must accelerate not only its

mass but also the mass of the surrounding �uid. For a vertical cylinder oscillating in

heave, the added �uid mass is stated by [180] to be approximated as a hemisphere of

equal radius to the cylinder:
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mac =
2

3
πr3ρw (5.1)

Where ρw is the �uid density, and r is the cylinder radius.

Additionally, it is assumed that the added mass of the tube is approximated as half

the volume of a torus:

mat = π2Rt2ρw (5.2)

Where R is the central radius of the tube, and t is half of the tube thickness.

The summary of forces is then given in equation (5.3):

{
me1ÿ1 = Fg1 − Fb1 − Fr + FPTO

me2ÿ2 = Fg2 − Fb2 − FPTO

(5.3)

Where meN is the e�ective mass of the numerical body N ∈ {1, 2}. ÿN is the accel-

eration of the body. FgN , FbN , Fr, and FPTO are the gravitational, buoyancy, radiation

damping, and power take o� forces respectively.

The e�ective mass meN comprises the physical mass of the body with added �uid

masses in addition.

For the �oat/tube body, this equates to the mass of �oat and tube construction plus

the added mass from both �oat and tube:

me1 = m1 +mac +mat (5.4)

For the piston/water mass, it is the piston mass plus the volume of water inside the

tube:

me2 = m2 +maw (5.5)

The buoyancy force is described as the displaced water mass accelerated by gravity,

or Fb = V ρwg. For body 1, the volume is equal to the submerged volume only and varies

with the �oat submersion depth. It is assumed that the tube/cylinder remains constantly

underwater, therefore providing a constant buoyancy force. The �oat submerged volume

is variable with depth and is conditionally given by:

vf =





0 if yw ≤ y1 , not submerged

πr2 |yw − y1| if yw > y1 , semi-submerged

πr2Lf if yw > y1 ≥ Lf , completely submerged

(5.6)

Where yw, and y1 are the vertical displacements of the wave and �oat from an undis-

turbed free surface. Furthermore, the displacement of the �oat is measured from the

bottom face. When the �oat is above the water surface there is no submerged volume,

when semi-submerged, it is a function of �oat depth and is constrained to the maximum
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volume at depths more than the �oat length Lf .

The complete submerged volume is:

vsub = vf + vt (5.7)

Where vt is the volume of the tube/cylinder construction.

The power take o� force is modelled as a spring and damper system, and is given by

constants CPTO, KPTO multiplied by the relative velocity and displacement of the bodies

respectively:

FPTO = CPTO(ẏ1 − ẏ2) +KPTO(y1 − y2) (5.8)

Lastly, the radiation damping is modelled as a damping force acting between wave

surface and �oat:

Fr = Cw(ÿw − ÿ1) (5.9)

Equations (5.1) to (5.9) are then combined into the �nal mathematical model:





(m1 +mac +mat)ÿ1 = m1g − ρwvsubg − Cwave(ẏw − ẏ1) . . .

+ CPTO(ẏ1 − ẏ2) +KPTO(y1 − y2)

(m2 +maw)ÿ2 = − CPTO(ẏ1 − ẏ2)−KPTO(y1 − y2)

(5.10)

5.4 Derivation of Hydrostatic Model

5.4.1 Basic Model

Because the piston is assumed to be neutrally buoyant, it is necessary to develop a nu-

merical model for the point at which neutral buoyancy is achieved.

The gravitational and buoyant forces are given by:

Fg = vmρmg (5.11)

Fb = vwρwg (5.12)

Where vm, vw are the volume of the material and displaced water, and ρm, ρw are the

density of the material and water. Neutral buoyancy is found when:

|Fg| − |Fb| = 0 (5.13)

If the piston were a solid, then vm = vw, and ρm ≡ ρw to satisfy equation (5.13),

preventing the use of high strength materials. The piston must therefore be constructed

of a hollow shell cylinder as illustrated in �gure 5.9.
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Structural strength is provided by marine grade steel or other materials in the wall

and endcap, with a hollowed centre and the possible addition of foam on the ends, or

ballast in the centre to enhance either force without altering the core geometry.

Hollow center,
optional ballast

Wall

Endcap

Foam

Figure 5.9: Illustration of basic piston geometry.

In this scheme, the gravitational force can be described as:

Fg = g (vbρb + vWρW + 2veρe + 2vfρf ) (5.14)

Where subscripts b,W, e, f denote the ballast, wall, endcap, and foam.

5.4.2 Integrated Generator

For a �ooded generator, it is ideal to integrate it into the piston structure. Because it

is usually the lighter component and avoids the use of brushes, it is preferable to use

the piston as a translator rather than a stator. Two such con�gurations are shown in

�gure 5.10.

(a) Magnet piston (b) Slotted piston

Figure 5.10: Example piston con�guration cross-sections.

The piston may house a �eld MMF via permanent magnets, or a slotted translator
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such as that used in �ux modulation machines. By adopting non-fully pitched magnets,

or a slotted structure, the piston mass may be reduced.

The buoyancy force can be given as:

Fb = vdispρwaterg (5.15)

Where vdisp is the volume of water displaced by a body. The gravitational force is

then given by:

Fg = vmatρmatg (5.16)

Where the subscripts vmat and ρmat are the material volume and density respectively.

However, it should be noted that this relationship applies to a mono-material body. In

actuality, the piston is constructed out of multiple materials, and the equation should be

applied to each of them individually. Assuming that no further forces are acting upon the

piston, its mechanical motion can be described by:

mä = Fg − Fb (5.17)

In steady state conditions, there is no acceleration, and neutral buoyancy is achieved

when the two forces are equal:

0 = Fg − Fb (5.18)

Combining equations (5.15) to (5.18), this becomes:

mmat = mdisp (5.19)

Or put in words, the mass of displaced water must equal the piston mass.

5.4.3 Piston Material Mass

The volume of both piston topologies can be described by:

∑
v = 2(ve) + vw + vfield (5.20)

Where ve vw, and vfield are the endcap, wall, and ��eld provider� volume respectively.

The volume of an endcap is:

ve = πr2eLe (5.21)

Where re and Le are the endcap radius and axial length. The wall volume is then

given as:

vw = πLw(r
2
w − (rw − tw)

2) (5.22)
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Where Lw, rw, and tw are the wall length, outer radius, and thickness respectively.

Lastly, the "�eld provider" volume is given by:

vfield = π(Lwτf )((rw + tfield)
2 − r2w) (5.23)

Where τf is the �ll ratio of the magnets or iron teeth, and tfield is the height of the

magnets/iron teeth.

The mass can then be calculated simply by the following:

mmat = g(2veρe + vwρw + vfieldρfield) (5.24)

5.4.4 Displaced Water Mass

The displaced water mass is de�ned by the external volume and the density of water as

de�ned in equation (5.15). It is assumed that the slotted topology has its slots �lled

with epoxy such that it forms a solid cylinder. The epoxy mass is neglected here. The

displaced volume is given by:

vdisp = πr2e(Lw + 2Le) (5.25)

And the mass is:

mdisp = vdispρwater (5.26)

5.4.5 Feasible Neutrally Buoyant Dimensions

Hydrostatic models of a neutrally buoyant piston with an integrated electric machine have

been developed for the con�gurations presented in �gure 5.10. Geometric properties are

used to calculate the point at which the buoyant force and gravitational force cancel out,

with the following assumptions made:

� Tooth/magnet height is equal to wall thickness.

� Magnets are fully pitched.

� Slots span half the translator pitched.

� Endcap length �xed to 0.01 m.

� Teeth and back iron are constructed of electrical steel (7650 kg/m3).

� Endcaps are constructed of marine steel (7500 kg/m3).

� Magnets are constructed of neodymium (7000 kg/m3).
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The point of neutral buoyancy is presented in �gure 5.11, and plotted from 0 to 3 m

axial length and 0 to 0.1 m wall thickness, where the surface plot is the precise point of

neutral buoyancy. Deviation from the surface along any axis will cause the piston to move

towards positively or negatively buoyant.

In both con�gurations, there is a wide range of feasible neutrally buoyant geometries.

There is however an absolute minimum of around 0.148 m axial length, below which, the

radius is required becomes unreasonably large. Meanwhile, at very small wall thicknesses,

the radius is permitted to reduce as low as 0.05 m; although such a generator may not be

feasible.

(a) Surface magnets (b) Slotted piston

Figure 5.11: Feasible external dimensions of the two piston topologies.

Because the endcaps are solid disks of steel, they present a heavy mass, requiring

a greater piston length to provide su�cient buoyancy to not sink. Therefore, for any

piston radius, there is a minimum required length to produce a valid piston. Once the

minimum length is surpassed, further increases to the piston length yield little bene�t to

the allowable wall thickness. The allowable wall thickness is increased only by increasing

the piston radius.

Although the magnets have a lower density than electrical steel, the slotted piston

generally allows for a smaller radius for any given piston length. The slotted piston in

this con�guration, and with these dimensions, is permitted to have a 20 - 25% smaller

radius on average.

Across most available geometries, it is possible to achieve neutral buoyancy, although

it may result in an infeasible geometry for a direct drive generator. This section does not

seek to set hard limitations for design variables, but the following minimum values are

set:

5.5 Model Constraints and Calibration

In table 5.1 some minimum dimensions for a neutrally buoyant piston were de�ned and

will be put into practice in this section. In any IPS buoy, but particularly an integrated
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Parameter Value

Axial length 0.148 m
Outer radius 0.05 m

Table 5.1: Minimum acceptable dimensions for a neutrally buoyant piston.

one, the piston is inseparably at the root of all system components. Its outer radius

directly de�nes both the generator size and the volume of water inside the tube. Each of

these has a strong impact on the hydrodynamic motion and electrical performance of the

device. It is therefore critically important that the piston dimensions be set appropriately.

However, for the sake of exploring the model, the generator components are reduced to

only damping and radiation forces, with no geometric impact.

5.5.1 Additional Motion Constraints

(a) Equilibrium position (b) Large displacement

Figure 5.12: Illustration of an IPS Buoy at its equilibrium condition, and during a large
oscillation, where the piston is forced out of the inner tube.

When the piston is driven outside the cylinder during large oscillations, it remains

within the wider radius tube in the decoupled state. Although it is decoupled, it is still

below water and therefore has an added mass. Along with equation (5.1), [180] also

describes the added mass of a drag plate being roughly equal to the volume of a sphere

multiplied by water density. As the piston may serve a dual purpose as a generator, it is

unlikely to have the aspect ratio necessary to be considered a drag plate. However, it will

84



CHAPTER 5

be included here for the sake of completeness:

maw =





(vtube − vpiston)ρw if , coupled

2

3
πr3ρw if , decoupled & cylinder

4

3
πr3ρw if , decoupled & drag plate

(5.27)

Using this with the dimensions given in table 5.2 yields added masses of 2012 kg, 136

kg, and 272 kg for each case respectively. Although the decoupled states provide a much

lower added mass, they are still signi�cant and cannot be neglected; In some cases, they

remain a larger mass than the piston itself.

Parameter Value

Tube length 3 m
Tube radius 0.5 m

Cylinder length 1 m
Cylinder radius 0.4 m
Piston length 0.2 m

Table 5.2: Example IPS tube dimensions

During decoupling, the piston is under the in�uence of the PTO force only. Because

the PTO is an electrical machine, the force upon it is fully controllable and can bring

the piston back to the centre or dynamically control it for better performance. However,

such a discussion of machine control is outside the scope of this thesis. In this model, it

is assumed that during a decoupling, the PTO force is reduced by a factor of 0.9.

As is shown in �gure 5.12, the tube allows water to enter but does not allow the piston

to exit. In the case of an extreme wave, if the piston reaches the end of the tube, it will

be dragged along by the tube until the wave direction changes.

5.5.2 Calibration of Float Damping

In the WEC mechanical model, the interaction between the �oating mass and sea is

modelled as a damper and two opposing forces: gravitational force down, and the buoyant

force restoring. In practice, the two forces act as a spring constant with more realistic

constraints on the buoyant force.

The damper is representative of the radiation damping coe�cient used in wave theory.

It has a strong importance on the hydrodynamic performance of the �oating body and is

often calculated in simulation packages such as WAMIT [181]. However, as these software

packages were not available, other methods were used to estimate the coe�cient.

Figure 5.13 shows the in�uence of radiation damping on an IPS buoy. At time t = 0,

the �oat is at its equilibrium depth, and the wave height is raised by 1 m above the

mean water level. The displacement pro�le that the buoy follows is highly variable to the
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radiation damping and all values of damping have no impact on the natural frequency of

oscillation; 2.396 rad/s in this example.
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Figure 5.13: Variation of radiation damping on an IPS buoy with inactive power take o�.

In the absence of specialized software to calculate the radiation damping of the WEC,

and estimation was made based on the settling period of a simulation, ensuring that the

device settles to near zero velocity in 10 seconds after disturbance. Therefore, in this

chapter, the radiation damping ratio is �xed to a representative value of 0.2 to ensure

consistency among results.

These assumptions are true only at the selected wave period and the WEC dimensions

speci�ed. Although it can be seen that at this design point, there is not much change

up to the critical damping point during a wave event, except for a slight delay and lower

magnitude of displacement (�gure 5.13). For illustrative purposes, the impact of the

damping ratio is also demonstrated for the WEC undergoing displacement from a wave

in �gure 5.14

5.5.3 Initial Geometry

The initial geometry for comparing the impact of PTO parameters is presented in this

section alongside other informative tables of parameters used in the comparison. ta-

ble 5.3 shows the densities of materials used, table 5.4 contains the WEC dimensions, and

table 5.5, the calculated masses of major components and the mass ratio. This initial ge-

ometry is not optimised, and because the piston wall thicknesses are set to an anticipated

value and the piston is assumed to be neutrally buoyant.
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Figure 5.14: Variation of radiation damping on an IPS buoy with inactive power take o�
undergoing a wave interaction.

Material Density

Electrical Steel 7650
Marine Steel 7500

Copper 8960
Sea Water 1020
Neodymium 7000

Table 5.3: Assumed material density

Parameter Value (m)

Float radius 1
Float length 2

Float axial thickness 0.005
Float radial thickness 0.005

Float material Marine steel
Piston radius 0.5
Piston length 0.2

Piston axial thickness 0.01
Piston radial thickness 0.05

Stator length 1
Stator thickness 0.01
Stator material Electrical steel
Tube length 1

Tube thickness 0.005
Tube material Marine steel

Piston ⇀↽ stator airgap 0.005

Table 5.4: Initial geometry of IPS Buoy
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Parameter Value (kg)

Float mass 703
Tube mass 243
Stator mass 245

Floating material mass 1191
Piston mass 490

Captured water mass 1504
Floating inertial mass 5478
Captured inertial mass 1993

Mass ratio 0.364

Table 5.5: Calculated variables of initial geometry

5.6 Impact of PTO Parameters

To assess the impact of PTO parameters on the hydrodynamic performance of the WEC,

the device was simulated with the radiation damping ratio set to 0.2 Ns/m, and PTO

damping and spring constants varied from 0 - 1000 Ns/m and 0 - 2000 N/m respectively.

The power converted by the PTO is shown in �gure 5.15 for the Root Mean Squared

(RMS) power and peak power magnitude. �gure 5.15a shows that the total power con-

verted reaches the highest level when the damper is inactive and the spring constant is at

a high level. However, in practice, the average power across the spring is approximately

zero, and useful power is only transferred across the damper, analogous to reactive and

real power in an electrical system.

Moreover, in the region of low damping and high spring constant, the PTO take o�

undergoes displacements larger than the acceleration tube. Following the constraints

placed on the model for this study, the added water mass of the piston is penalised when

exiting the acceleration tube. However, in a real world IPS buoy, it may not be trivial to

reinsert the water-tight piston after a dislocation and can be a failure state. Furthermore,

because the power extracted by the damping component is so small, these high spring, low

damping con�gurations o�er little to system performance and can largely be discounted.

On the other hand, the spring force does yield some contribution to elevating the

system performance. Figure 5.15b shows that at low spring constants, as the damping

increases, there is a shallow increase in RMS power which levels o� as the system becomes

overdamped. It is only when the spring constant is present that more signi�cant power is

absorbed by the damper. This is because the damper output depends on rapid motion to

generate high power output. The spring component encourages the necessary oscillatory

upon which meaningful power can be extracted by the damping component. However, the

spring must be near resonance, and spring force must be provided by the PTO. Resonance

in WECs is known to give a power yield advantage but requires the drive train to be able

to react higher force and power than the rated values.
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(a) Total (b) Damper

Figure 5.15: RMS power extracted by power take o�.

5.6.1 Motion Behaviour at Four Operating Points

To highlight the performance output of the PTO during alteration of the spring and

damping coe�cients, four characteristic locations within the design space were selected

and are stated in table 5.6, and the motion presented in �gure 5.16

Damper (Ns/m) Spring (N/m) Comment

102 1510 Optimal RMS damper power
102 1870 Spring surpasses peak values
755 244 High damping and low spring
755 1510 High damping and high spring

Table 5.6: Selected operating points for motion comparison.

In order topic operate well, WECs require a stable reference point to react force and

generate power therefrom; often taking the form of the seabed or a �oating body of

signi�cantly higher inertia.

Figure 5.16 demonstrates that in an IPS buoy, there is no stable reference point, but

rather a lag between bodies.

The mobility of the piston is caused by the mass ratio between the piston/buoy and

yields some bene�ts. In some PTO con�gurations such as �gure 5.16d, the piston dis-

placement becomes partially out of phase with the �oat, thereby yielding a larger PTO

displacement than would be achieved if the piston were static.

At low mass ratios then, it is apparent that the piston is readily accelerated to larger

displacements than is experienced by the �oat. In this con�guration, it is advantageous for

the spring component of the force to be at or near resonance wherein the largest displace-

ments occur. However, the operating points with the largest damper power output are

those that have the largest relative velocity and thereby the largest displacement. In those

cases, the displacement vastly exceeds the acceleration tube, likely causing operational

di�culties in a physical device in which reinsertion would be more challenging.
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(a) Damping = 102 Ns/m, Spring = 1510 N/m
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(b) Damping = 102 Ns/m, Spring = 1870 N/m
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(d) Damping = 755 Ns/m, Spring = 1510 N/m

Figure 5.16: displacement pro�le of each component at four operating points.
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For maximal power output then, it is advantageous to design an IPS Buoy with a long

acceleration tube to accommodate the longest piston stroke length possible. Moreover,

it is bene�cial for WEC operating in heave to have a long, spar-like geometry to provide

stability and prevent pitching.

On the other hand, if a direct drive machine is to be used in this WEC, a long stroke

length imposes di�cult design constraints on the electric machine, likely allowing the

active area to cover a fraction of the stroke length without high costs or e�ciency losses.

5.7 Impact of Mass Ratio in an Unsprung PTO

Section 5.6 explored the performance impact of making changes to the power take o�

spring and damping coe�cients with a �xed WEC geometry. It was found that a sig-

ni�cant peak in damper power occurs around resonant spring conditions. However, an

equally large spring power is required to enable the near-resonant spring conditions, which

must be supplied externally by the PTO. The additional power requirement for the spring

component would greatly increase the PTO rating size and reduce system e�ciency; a

con�guration that would require a much higher ratio of spring/damping power to be a

worthwhile investment.

Furthermore, a near resonance spring constant improves damper power absorption by

encouraging extreme oscillations and PTO velocity. In a system wherein a directly driven

generator is being considered, it would be costly to produce a generator long enough to

utilise the full oscillation and lower the lifespan of linear bearings. It is more e�ective to

optimise other machine parameters and eliminate the PTO spring component.

This section aims to investigate the impact of varying the mass ratio of buoy and

piston inertial mass on power absorption across the damper. In this comparison, the WEC

geometry remains unchanged, and it is assumed that the acceleration tube geometry is

extended such that it encompasses a larger water mass without a net impact of buoy

mass. This is to compare a wide mass ratio range without the risk of the buoy sinking.

Additionally, the IPS Buoy mechanical model remains the same, but the spring constant

is set to zero.

Figure 5.17 shows the damper force and power across a range of mass ratio and damp-

ing coe�cients. In these �gures, there is not a discrete peak as was seen in section 5.6,

but rather a plateau of high outputs once a minimum mass ratio and damping coe�cient

is supplied. The RMS force and power imply that for any given mass ratio after the PTO

damping exceeds approximately 2 × 104, there are diminishing returns on damper force

with further increases to the damping constant. Moreover, there is a reduction in damper

power as the coe�cient increases, possibly implying that as the PTO becomes overly

damped, the force becomes out of phase with velocity. Furthermore, there is a downward

trend of power with mass ratio which is more apparent at high damping coe�cients.

Across most of the force and power results, the maximum values are approximately

twice the RMS values, leading to some power pro�les in which there are sharp power
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spikes with smaller ripples between. In these cases, the PTO must be rated high enough

to react the full force peak, but also have acceptable e�ciency.

The key �nding from these results is that the IPS Buoy has strict minimum require-

ments for both the PTO force and the quantity of inertial water contained within the

acceleration tube, with a sharp cut-o� in performance - particularly for the inertial mass.

Once the minimum is met, the WEC comparatively level in its performance. The initial

geometry was suboptimal with a mass ratio of 0.364.

(a) RMS force (b) RMS power

(c) Peak force (d) Peak power

Figure 5.17: Force and power across PTO damper.

Figure 5.18 presents the displacements of each system component across a range of

mass ratios, with the damping coe�cient �xed at 3.16× 104. These can be considered as

the mass ratio "ridge" that can be seen in �gure 5.17b.

At low values of mass ratio (�gure 5.18a), the piston displays little resistance to dis-

placement of the �oat, lagging it with minimal delay and a slight reduction in magni-

tude. Because the di�erence in displacement and phase is minimal, the PTO experiences

equally minimal displacement and little power production; it remains so until the mass

ratio reaches approximately 2.

At higher values of mass ratio, the piston shows signi�cantly more resistance to the

�oat displacement, reducing to approximately 50% of the �oat magnitude in �gure 5.18c,
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and 10% in �gure 5.18d. However, it should be noted that a mass ratio of 50 or more would

represent an extremely large mass of con�ned water, and an equally large acceleration tube

to contain it; but this is the extent that must be reached to achieve a completely stable

reference mass.

The �oat displacement is also impacted by the piston inertia. As the mass ratio in-

creases, it has a resistive e�ect on the �oat, reducing its magnitude. Therefore, although

the piston mass becomes more stationary, it does not necessarily enhance PTO displace-

ment magnitude. Once past a threshold value, any further increase in the mass ratio

slightly reduces the PTO displacement magnitude and output power.

Figure 5.19 presents the damping coe�cient "ridge" seen in �gure 5.17b. Here, the

mass ratio is �xed to 2.85, and several points across the range of damping coe�cients are

plotted.

In the case of these con�gurations, there is always su�cient reactionary inertia to

produce good mechanical motion across the PTO, but the power absorbed, and the me-

chanical relationship between �oat and damper is wholly determined, or rather, restricted

by the damping coe�cient selected. At low levels of damping (�gure 5.19a), the piston

encounters minimal resistance from PTO forces and oscillates at the highest magnitude

possible. However, because the damping is so low, little power is extracted by the PTO.

As the damping coe�cient increases, it provides a more signi�cant force between �oat

and piston as more power is extracted from the relative velocity. At moderate damping

(�gure 5.19b), there is a more signi�cant PTO force, causing the piston to be dragged

behind the �oat with su�cient delay such that there is still a high PTO displacement.

This is the region wherein the best power performance is delivered.

When the damping is further increased, the piston delay reduces, leading to a sig-

ni�cant reduction of PTO displacement, and becoming almost rigidly linked at extreme

damping levels. During some points of the wave cycle at high damping values, the �oat

and piston travel at almost constant velocity, reducing the e�ective power absorption

across the PTO.

In the high damping regions, the extreme damping force pushes the �oat out of the

water, before diving back down below the surface. In a true wave environment, the re-

entry of a vertical cylinder buoy would be subjected to more dynamic forces and loss

of momentum. If such a con�guration is to be adopted, the mechanical model must be

expanded to include the nonlinear e�ects, or assumptions made that the �oat geometry

is customised such that the e�ects are negligible relative to the other system forces.

5.7.1 Feasible Tube Geometry for High Mass Ratio

It is desirable to have a large mass ratio for optimal power output, but because the

�oat provides �nite buoyancy, and the mass ratio is linked to tube geometry, there is

a maximum achievable mass ratio before the buoy becomes too submerged or sinks. It

is decided that the �oating body must retain 60% of its vertical length above water to
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(a) Mass ratio = 1

66 68 70 72 74 76 78

Time (s)

-1

-0.5

0

0.5

D
is

p
la

ce
m

en
t 

(m
)

Wave

Float

Piston

PTO

66 68 70 72 74 76 78

Time (s)

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

V
el

o
ci

ty
 (

m
/s

)

Wave

Float

Piston

PTO

(b) Mass ratio = 5
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(c) Mass ratio = 10
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(d) Mass ratio = 50

Figure 5.18: Displacement of WEC at peak damping coe�cient (31578) with mass ratio
varied.
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(a) Damping = 0.5e4 Ns/m
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(b) Damping = 2e4 Ns/m
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(d) Damping = 10e4 Ns/m

Figure 5.19: Displacement of WEC at peak mass ratio (2.85) with damping coe�cient
varied.
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ensure visibility at the surface.

The maximum mass ratio for the initial �oat geometry (table 5.4) is presented in

�gure 5.20, wherein it can be seen that mass ratios of around 12 are achievable.

Figure 5.20: Plot of tube dimensions and their resultant mass ratio for the �oat geometry
given in table 5.4.

5.8 WEC and PTO Speci�cations

Table 5.7 shows the basic WEC and PTO speci�cations selected for a proposed IPS buoy.

The spring component is removed, and the mass ratio and damping component are set

such that the minimum RMS power plateau is reached, but the �oat is not pushed out of

the water by the PTO forces.

At this operating point, the PTO is required to be capable of reacting 14.10 kN of

force at the peak speed of 0.343 m/s.

Parameter Value

Mass ratio 8.42
Damping coe�cient 31579 Ns/m

Peak force 14.10 kN
Peak power 4.83 kW
Peak velocity 0.343 m/s
Airgap length 5 mm
Float radius 1 m

Table 5.7: Initial speci�cation of wave energy converter and power take o�.
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5.9 Conclusions

In this chapter, the process of designing a heaving WEC from deployment location to

PTO speci�cations has been presented and explored. A 1 m radius IPS Buoy is proposed

for deployment in Blyth, UK, capable of yielding 4.83 kW in a sea state of 1 m signi�cant

height, and 6.5 s period.

Publicly available data spanning 10 years was taken for a nearby data collection buoy

located o� the coast of Newbiggin-by-the-Sea and analysed to assess the most suitable

wave state for consistent power production with a meaningful magnitude. The site data

available had a moderate quantity of poor-quality data, wherein equipment was damaged,

lost power, or the buoy was cut loose. The dataset was processed to account for missing

values and ensure that the statistics were not negatively impacted.

Several numerical models were derived to assess the hydrodynamic performance of the

WEC and the expected power output across a power take o�. The hydrodynamic Simulink

model was developed using a set of assumptions, and mechanical relationships between

WEC bodies, with the inclusion of PTO forces. Additionally, a numerical hydrostatic

model was developed for calculating feasible geometries of a neutrally buoyant piston,

with the expectation that an electric machine may be integrated; This model was not

utilised in this chapter but will be in the following chapter.

In the exploration of the hydrodynamic model, key parameters were adapted to calcu-

late the optimal expected power output from the WEC. The spring force was not strictly

necessary and resulted in requiring an overrated system to operate.
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Chapter 6. Integrated Design of an IPS Buoy

6.1 Introduction

6.1.1 Scope and Objectives

The previous two chapters of this thesis have stemmed from di�erent �elds of research;

one being directly driven electromagnetic machines, and the other, hydrodynamic, and

hydrostatic design of a Wave Energy Converter (WEC). The main goal of this chapter is to

bring together the �ndings and design a fully marinized Directly Driven (DD) all-electric

Power Take-O� (PTO) for an IPS buoy WEC with meaningful power output.

To achieve this objective, this chapter develops a case study wherein an IPS buoy

is fully designed, accounting for neutrally buoyant piston geometry, integrated generator

size, and linked hydrodynamic behaviour.

Using the case requirements and �ndings from chapter 4, a tubular Flux Reversal

Machine (FRM) is compared to a tubular synchronous generator to assess which is most

suitable as PTO.

6.2 Sizing of IPS Buoy and Linear Power Take O�

6.2.1 Sizing Methodology

Sizing the components of an IPS buoy is a complex and interrelated design process.

Without concern of PTO, the system's maximum size and performance are underpinned

by the �oating body; the acceleration tube and hence mass ratio is restricted by the

reserve buoyancy of the �oat, which when exceeded, will cause the device to sink.

The acceleration tube is also restricted by the piston geometry due to the water-

tight relationship between them. The piston has strict geometric requirements to ensure

it retains neutral buoyancy and directly de�nes the acceleration tube radius, the most

sensitive component in controlling the inertial water mass. Moreover, the piston length

occupies volume in the acceleration tube which could have contained water, producing a

subtractive e�ect. However, for large tube dimensions, this has minimal impact on the

mass ratio.

When the piston is set to include the translator of an electrical generator, the inter-

relations are further compounded. The piston must then contain heavier electromagnetic

materials, reducing the range of feasible dimensions, and its geometry additionally de�nes

generator size and force capability. Furthermore, because the PTO force has a strong im-

pact on WEC power output, the hydrodynamic behaviour is doubly a�ected.

A �ow chart for the process is given in �gure 6.1.
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Figure 6.1: Flowchart of IPS buoy design process
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Using the speci�cations for mass ratio and PTO force given in table 5.7, the WEC is

sized from the inside out, starting with the piston/generator.

Figure 6.2a shows the required wall thickness to satisfy the neutral buoyancy assump-

tion for a solid piston constructed of electrical steel and magnets of relatively equal density

and an endcap thickness of 10 mm. Additionally, �gure 6.2b presents the piston geome-

tries giving the minimum active area required to react a 14.10 kN peak force across a

range of shear stresses.

A high piston wall thickness whilst maintaining neutral buoyancy is desirable, as the

wall thickness is also the translator core. It is mainly driven by the piston's outer radius,

with which there is a near-linear increase in allowable thickness. The piston length has

an impact only at small lengths where the buoyancy is dominated by the endcap mass;

further increases raise the mass and volume at an almost constant rate with little net

e�ect on wall thickness.

Figure 6.2b demonstrates that even at low values of shear stress, it is feasible to

construct an electric machine that �ts within the constraints set by the piston. Although

it should be clari�ed that the electric machine is not required to occupy the entirety of

the piston, it is reasonable for only a central portion of the axial length to be occupied

by electromagnetic material, and the remainder by dedicated to buoyancy, or structural

support.

(a) Allowable piston wall thickness to retain
neutral buoyancy

(b) Required piston geometry to provide 14.10
kN peak force

Figure 6.2: Geometric relationships used for sizing piston.

As the WEC is sized from the piston outwards, the radial geometry of the cylinder

and acceleration tube are driven dimensions, leaving only the tube length as the con-

trolling factor for meeting a required mass ratio. However, the required length is not an

independent variable and is slightly altered by piston length and overall WEC geometry.

The allowable tube length using dimensions from table 6.1 is shown in �gure 6.3 for a

target mass ratio of 8.4 and 1 m piston length. The relationship between piston radius

and tube length demonstrates that the piston geometry can also have a strong impact on

the required tube length, potentially requiring it to be unreasonably long or short.
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Figure 6.3: Acceleration tube geometry for 8.42 mass ratio and 1 m piston length

The sizing process demonstrated here is strongly intertwined and iterative, as it is quite

easy to reach upon an improperly sized generator or acceleration tube, from seemingly

reasonable choices for the piston geometry.

6.2.2 Alternative Piston/Generator Con�gurations

The preceding sections have assumed that the piston and generator are e�ectively one

entity, but this is not necessarily required for a fully marinized generator. Some stator

and translator con�guration options are shown for the IPS Buoy presenting in �gure 6.4

both the long, and short stator variants. In these �gures, the piston material is denoted

by light grey material, the stator in orange, and the tube and �oat in yellow.

The previously assumed con�guration is shown in �gures 6.4a and 6.4b and fully

integrates the translator into the neutrally buoyant piston, resulting in an interdependent

relationship between WEC geometry and PTO capacity, and imposes strict constraints

on the design.

Figures 6.4c and 6.4d have the translator as a solid object rigidly attached to the

�oating body and the stator is a�xed to the neutrally buoyant piston. Although the

stator may be heavier than the translator, the neutrally buoyant piston can cover a larger

radius allowing more freedom in buoyant volume and decoupling the electric machine from

the hydrostatic design.

All variations shown here although presenting varying radii and stator/translator ra-

tios, are assumed to have an equal active area. Moreover, due to the nature of linear

machines, the force production can be extrapolated with axial length.

For the FRM simulations to be solved in a reasonable time, and to highlight a method

of lower integration, the FRM adopts the con�guration in �gure 6.4c for this chapter.

6.2.3 Final WEC Geometry

The �nal proposed geometry is presented in table 6.1, satisfying the target speci�cations

given in table 5.7. The �oat dimensions are based on typical dimensions for a navigation
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(a) Integrated piston short stator (b) Integrated piston long stator

(c) Small radius short stator (d) Small radius long stator

Figure 6.4: Generator con�guration options for a fully marinized generator.
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buoy, and wall thicknesses are assumed to be reasonable for structural integrity. The

cylinder/stator length is selected as 0.2 m to restrict ohmic losses due to the long winding

length caused by a large coil radius. The piston geometry is de�ned using �gure 6.2.

Parameter Value (m)

Float
Radius 1
Length 2

Wall thickness (axial) 0.005
Wall thickness (radial) 0.005

Tube
Wall thickness 0.005

Cylinder
Length 0.2

Wall thickness 0.05
Piston

Wall thickness (axial) 0.01
Miscellaneous

Piston/Cylinder airgap 0.005

Table 6.1: Prede�ned WEC variables

6.2.4 Hydrodynamic Behaviour at Speci�cation

As the piston and tube geometries are somewhat changed from the initial speci�cations,

the hydrodynamic simulation is re-run with updated geometries, and the results are pre-

sented in �gure 6.5.

With the inclusion of the �nal geometry, there is a slight reduction in the peak force

and an increase in peak velocity, allowing for a larger expected power output and higher

velocity. The speci�cations are restated in table 6.2 and will be used in the assessment

of electrical generators. Generator designs must stay true to the geometric parameters

otherwise the hydrodynamic performance may no longer be valid, requiring another cycle

around the design �ow per �gure 6.1. The airgap length is set to 5 mm to accommodate

antifouling measures as reported in [79], which is at a similar scale to a surface PM

synchronous machine reported in [182].

6.3 Conventional Machine Topology

6.3.1 Methodology

This section seeks to compare a Linear Tubular Synchronous Machine (LTSM) in four

con�gurations, to assess their suitability for application in a wave energy converter, the

most performant of which will be selected for comparison to the FRM developed in chap-

ter 4 for the Mocean device. The synchronous topology has been selected due to its
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Figure 6.5: Hydrodynamic performance of IPS buoy geometry selected with parameters
Hs = 1 m, T = 6.5 s, C = 31579 N s/m.

Parameter Value

Mass ratio 8.42
Damping coe�cient 31579 Ns/m

Peak force 13.47 kN
Peak power 5.74 kW
Peak velocity 0.427 m/s

Piston outer radius 1250 mm
Cylinder length 200 mm
Airgap length 5 mm

Table 6.2: Final speci�cation of wave energy converter and power take o�.
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often-favourable comparison in Direct Drive (DD) applications [183], and is made tubular

due to its integration into the structure of a hollow piston.

6.3.1.1 Justi�cation

In this comparison, all con�gurations of LTSM are designed such that there is constant

geometry across the translator and stator, and where possible, a constant quantity of

electromagnetic materials.

For the translator, the back iron, magnet height, and magnetic poles are kept constant

throughout. However, for the Halbach con�guration of magnets, the magnets are broken

down into smaller pieces to create the Halbach e�ect.

The stator is the shorter element of the machine and retains a constant coil height,

and in the topologies with a back iron, this is constant and in addition to the coil height.

The coils have a �xed wire diameter of 1 mm and the number of turns is a function of

the coil cross-sectional area and a �ll factor of 0.5.

6.3.2 Four Con�gurations

In the integrated IPS concept, generator mass is critical to ensure the �oat can support

the machine, and that the piston remains neutrally buoyant. For this reason, there is a

focus on the generator selection for minimal iron topologies. The four topologies studied

here are shown in �gure 6.6. Each of the con�gurations is constructed with three coil

phases and simulated using �MagNet�.

Each of the variants is fully pitched, wherein each coil phase is wound with one outward

and one return side across a single magnet pair, making for 6 coil sides per electrical pitch.

These machines represent the fully integrated piston layout presented in �gure 6.4a.

The stator contains the magnets, and it is assumed that it is structurally supported by

the WEC tube and an epoxy matrix or non-magnetic frame which does not impact the

airgap length. The translator holds magnets of alternating polarity and forms a sealed

hollow cylinder with non-magnetic endcaps, which are not present in the FEA models.

The considered con�gurations are:

� Air core.

� Air core with Halbach array magnets.

� Air core with iron teeth.

� Iron core.

Because the airgap must be 5 mm to enable the inclusion of antifouling measures, the

air-cored variants have more di�culty in �ux crossing the airgap. Therefore, a Halbach

magnet arrangement is included to improve airgap crossing behaviour. The Halbach array
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(a) Air core (b) Air core with Halbach magnet arrangement

(c) Air core with iron teeth (d) Iron core

Figure 6.6: Four con�gurations of tubular synchronous machines under consideration. All
devices have surface-mounted magnets, magnetised in the radial direction, and presented
as 12 pole topologies.

is arranged with alternating magnets of radial and axial magnetisation, and the angle of

magnetisation is not optimised in this comparison.

The machines were axis-symmetrically modelled in 2D FEA at full scale and with

symmetry about the Z-axis because the simulation time is relatively low, and to ensure

that end e�ects are accounted for.

Figure 6.7b presents the air-cored machine as is modelled, and �gure 6.7a shows a

close-up of the mesh for an iron-cored variant. Because of the high energy transfer across

the airgap, it is split into two remesh regions and two airgap regions between the translator

and stator, all four of which are given a �ne mesh.

6.3.3 Pole Selection

In conventional rotary generators such as those used in wind turbines, the selection of

translator poles is an important consideration. It is often chosen per the rated speed

and a variable speed gearbox utilised to maintain the speed. This is done so that a near

constant 50-60 Hz power is produced and contributed to the grid.

However, the target wave speci�cation is 6.5 seconds (0.154 Hz), magnitudes lower

than the grid power supply. In an electric machine, the electrical frequency can be given

by:

f =
1

τ/u
(6.1)
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(a) Mesh of iron-cored model. (b) Full air-cored model.

Figure 6.7: FEA model of a linear tubular synchronous machine

Where τ is the pole pitch, and u is the translator velocity.

Because the stator is linear and of �xed length, the pole pitch is a function of the pole

number, where L and P are the length and pole number.

τ =
L

P
(6.2)

Figure 6.8 shows the relationship between electrical frequency and resultant pole pitch

for the machine dimensions set. When a higher peak frequency is targeted, it requires the

stator to be split into smaller pole lengths.

0 5 10 15 20 25 30

Pole Pairs

0

10

20

30

40

50

60

70

F
re

q
u

en
cy

 (
H

z)

0

10

20

30

40

50

60

70

80

90

100

P
o

le
 P

it
ch

 (
m

m
)

Figure 6.8: Comparison of pole pitch and electrical frequency with varying pole numbers

The increase of pole pairs then becomes a multi-faceted design choice, as a smaller pole
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length reduces the available space for coil windings and increases the risk of saturation in

iron-cored stators.

6.3.3.1 Unloaded Pole Number Comparison

Unloaded electrical performance of the generators is shown in �gure 6.9. It can be seen

here that the largest peak amplitudes across all generator variants occur at low magnetic

pole numbers and reduce as more poles are added. This is caused partially by wider

magnets allowing greater �ux linkage across the large airgap, but also the number of

turns being linked to coil area. As the stator is divided into more poles, the resulting coil

area is reduced, allowing for fewer turns, and therefore lower induced voltage.
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Figure 6.9: Generator performance with no electric load.

The reduction of �ux magnitude with higher poles is not necessarily a negative impact.

Figure 6.9a shows that the generator variants containing iron have extremely high cogging

force peaks at low magnetic pole numbers, likely prohibitively large for use in a wave

energy converter as the cogging force must be overcome for PTO displacement to occur.

The air-cored variants on the other hand have near negligible cogging force as is expected
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from the absence of iron in the stator.

Across all magnetic poles, the iron-cored machines are dominant in �ux linkage and

voltage magnitude, despite the iron teeth reducing the coil area and hence coil turns

by half. The air-cored machines have very similar electrical performance, although the

Halbach machine tends to yield slightly higher magnitudes. On the other hand, the

machine with iron teeth yields higher performance, and the fully iron-cored machine is

signi�cantly higher than all, particularly at low pole numbers.

With further increases in the pole numbers outside the range presented, the stator

teeth in the iron-cored machines are likely to become so small that saturation becomes a

limiting factor, allowing the air-cored designs to be more performant.

6.3.3.2 Loaded Pole Number Comparison

The generator behaviour across the same range of magnet poles is presented in �gures 6.10

to 6.12 with a 0.71 Arms/mm2 electrical load across the coils. Because the wire radius is

�xed, the number of turns and wire current is proportional to the coil area; therefore, the

wire current magnitude is constant across all magnet poles:

turns =
Acoil

Awire

, I =
JAcoil

turns
= JAwire (6.3)

Where J is the current density and Ax represents the area.

As was the case with unloaded results, a low number of magnet poles provides both the

greatest bene�ts and consequences; here the highest voltage and thrust force is generated,

but with a high force ripple. Figure 6.10 presents the average force with the upper

and lower ripple bounds marked alongside. The iron-cored variants display large ripple

amplitudes at low pole numbers, which reduce signi�cantly as magnetic poles increase,

whilst also reducing average force output, particularly in the full iron core.

On the other hand, the air core variants have near negligible ripple due to their absence

of iron, but also with a much lower mean force. As before, the di�erence between the two

air-cored variants is relatively minor, with a slight improvement in the Halbach array.

In the air-cored machines, there was a turning point in the results at the 12-pole design

where the machines create more losses than there is power available, producing misleading

results for a design that is infeasible. For this reason, the data for such designs have been

removed from the results presented in this section.

6.3.3.3 Power and Losses

In these results, the electrical power is calculated by:

PE =
3∑

i=1

ViIi cos(ϕi) (6.4)
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Figure 6.10: Thrust force with 0.71 Arms/mm2 AC electrical loading.
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Figure 6.11: Peak �ux linkage with 0.71 Arms/mm2 AC electrical loading.
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Figure 6.12: Peak voltage with 0.71 Arms/mm2 AC electrical loading.

Wherein subscript i represents each coil phase, V is the voltage, and ϕ is the phase

di�erence. The e�ciency is calculated from the provided losses from FEA in the form of:

Pη =
Pout

Pin

=
PE

PM

=
PE

PE + PL

(6.5)

Where PM and PL are the mechanical power and losses respectively.

The power production, losses, and e�ciency are presented in �gures 6.13 to 6.15. The

power production appears similar to the voltage �gure; the iron-cored machines achieve

the highest electrical power, with all designs reducing in power as the number of magnet

poles increases.

Because the designs are tubular, and the radii are large, a very large length of wire

is required for each coil, yielding signi�cant ohmic losses. The breakdown of losses in

�gure 6.14 shows that the total losses are dominated by ohmic loss. In the iron-cored

machines, the iron teeth occupy 50% of the coil space, e�ectively halving the allowable

number of turns, thereby enforcing a limit to the ohmic losses. This is apparent in the

iron-toothed machine which presents approximately half the ohmic losses encountered by

the air cores; the fully iron-core machine, however, introduces new ohmic loss mechanisms

by linking the teeth together. At low pole numbers, the iron machines have the greatest

iron losses, however, they are much less signi�cant than the ohmic losses.

Overall, the air-cored machines have the highest losses and achieve the lowest e�ciency,

while the fully iron-cored variant is the most e�cient.

To maintain high force production in the air-cored machines, without incurring ex-

treme force ripple from the iron machines, the 12-pole design is selected for further anal-

ysis.
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Figure 6.13: Electrical Power with 0.71 Arms/mm2 AC electrical loading.
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Figure 6.14: Losses with 0.71 Arms/mm2 AC electrical loading.
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Figure 6.15: E�ciency with 0.71 Arms/mm2 AC electrical loading.

6.3.4 Current Density Comparison

This section compares the four topologies in the 12-pole variant across a range of current

densities. Here the current density is varied from 0.7 - 2.1 Arms/mm2 with no alteration to

the model geometry. Following equation (6.3), the current is constant across all topologies

and increases linearly with current density. The results are shown in �gure 6.16

With a �xed geometry, the torque ripple in the iron-cored machines holds fairly con-

stant across the range of current densities, increasing gradually with higher currents,

and lowest as the current approaches zero. The air core machines remain without force

ripple, but lower in magnitude. Additionally, the thrust force of all machines increases

approximately linearly in the presented current density range.

The �ux linkage remains moderately constant, but a gradual decline in voltage is

present among all topologies.

6.3.4.1 Power and Losses

The power and losses are shown in �gures 6.17 to 6.19; with no variation of geometric

parameters, the relationship between current density and the loss modes is quite simple.

Iron losses are naturally only present in the iron-containing topologies and are relatively

una�ected by increases to current density. Except at very low current density, the iron

losses are insigni�cant, and the losses are again driven majorly by the ohmic losses. Be-

cause the losses are given by PΩ = I2R, the loss component increases roughly to the

square of the current, although with a smaller gradient for the iron-cored machines, due

to their lower number of turns.

Figure 6.17 shows that all machines except the fully iron-cored design have di�culty in
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Figure 6.16: Generator performance with variable AC electrical load in RMS phase values.
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producing su�cient power to outpace the rapidly increasing ohmic losses. The air-cored

machines cease to function at around 0/7 Arms/mm2, and the iron-toothed variant has

visibly diminished returns on electrical power, with e�ciency rapidly falling after around

0.5 A/mm2.

On the other hand, the iron-cored machine gains healthy electrical power with increases

in current density and retains fairly high e�ciency in the presented data.
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Figure 6.17: Electrical power with variable AC load in RMS phase values.

6.3.5 Discussion

In the past sections, 4 con�gurations of an LTSM have been sized for a WEC of �xed

speci�cations and constraints. It was required for the generators to be capable of reacting

13.47 kN at 0.427 m/s.

The requirement for a 5 mm airgap poses di�culty for air-cored topologies; without

further optimisation or relaxation of allowed airgap, it is not feasible for an air-cored

machine to react with su�cient force. Moreover, with a higher translator velocity, there

would be higher mechanical power in the generators, thereby increasing the allowable

electrical load. However, the air core designs are simply not suitable for slow-speed

applications in their current con�guration.

The fully iron-cored machine is the best-performing variant in terms of force produc-

tion and is the only one capable of meeting the rated force, as such it will be selected for

further comparison to an FRM.
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Figure 6.18: Peak current with variable AC load in RMS phase values.
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Figure 6.19: E�ciency with variable AC load in RMS phase values.
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6.4 Flux Reversal Machine

6.4.1 Introduction to Topology

The FRM was introduced in chapter 4 in the form of a rotary machine and was found

to be advantageous over a Vernier Hybrid Machine (VHM) for its slight advantage in

electromagnetic performance.

It is presented in this section in its con�guration for linear motion. For linear motion

FRMs, the design is much less constrained geometrically and conceptually. The magnet

width for example can be increased to any required length, not constrained as a portion

of the machine radius, as is the case with rotary machines. Additionally, the translator

or stator may have one or multiple sides, becoming similar to a tubular machine when

su�cient sides are used [184].

A concern in linear DD wave energy is the sealing requirements of the electrical gen-

erator. In multi-sided topologies of FRM, the translator has a non-circular cross-section,

imposing greater di�culty and cost on the machine water seals.

As with the synchronous machine, the generator is intended for a �ooded application

and is independent of sealing concerns, but also adopts a tubular topology for integration

into a neutrally buoyant cylinder.

Although unconventional in design, it has been shown that any �at topology can be

converted into a tubular scheme with some customisation and a 3-dimensional �ow of �ux

[185, 186].

The tubular topology is e�ectively achieved by taking a �at double-sided FRM, ro-

tating the magnets 90◦ and wrapping the machine about its axis of motion with each

stator side connected as one yoke, such that it appears similar to the rotary design. The

resultant machine, �rst proposed in [185, 186], is shown in �gure 6.20.

6.4.1.1 Stator Tooth Position and Cogging Shift

It can be seen in �gure 6.20a that each of the phases is equally spread around the stator

circumference as would be seen in a rotary topology. However, because the direction of

motion is along the axis, there must be a mechanical shift between the translator teeth

to provide the 120◦ spacing between phases. The gap required between stator teeth of

di�ering phases is given by:

τp = τt ·
120

360
(6.6)

Where τt is the mechanical pole width of the translator.

Figure 6.21 shows the FRM in a �attened state, as though it were cut between tooth

B1 and A1 in �gure 6.20a and unrolled. Each stator phase has two teeth around which

the �ux links, with 120◦ between each phase (�gure 6.21a), but there is also the option to

introduce a pole shift within each phase. By shifting one side of each pole (�gure 6.21b)
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(a) Front (b) Side
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Figure 6.20: Tubular FRM concept
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cogging forces may be manipulated at the cost of peak back EMF and manufacturing

complexity. It was demonstrated in [185] that a 30◦ cogging shift is ideal for low cogging

forces at a minimal cost.

A1

A2

B2

C2

C1

B1
τp

τp

(a) No shifting

A1

A2

B2

C2

C1

B1
τp

τp

τs

τs

τs

(b) Shifted

Figure 6.21: Unrolled tubular FRM shown with and without cogging shift.

The cogging shift is given by:

τshift = τt ·
30

360
(6.7)

6.4.1.2 Mode of Operation

The tubular FRM operates much the same as the rotary or �at variants; the stator

magnetic �eld is modulated by the translator iron teeth, achieving rapid �ux reversal

across short pole pitches. However, because the magnets and stator teeth are located

along the axis of motion, the machine �ux paths are inherently three-dimensional.

Although the machine operates with three-dimensional �ux does not do so in the same

way as a machine like the Transverse Flux Machine (TFM) wherein the �ux travels in

three dimensions. At any displacement, each phase of the tubular FRM can be thought

to be a slice of the machine with a 2D path where the �ux loop links two corresponding

magnets of a single phase with a single translator tooth. There is some linkage of �ux in

the axial direction, but it is not signi�cant to the machine's performance.

The �ux paths for each machine are shown as a lamination slice for each phase in

�gure 6.22 where the dashed red line is the �ux path. Each phase comprises two stator

teeth and forms a �ux path linking a slice of translator and stator. Ideally, there is
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complete isolation between the phases and no axial leakage, however, in a full structure

there is interphase overlap (�gure 6.21) and intra-phase overlap in shifted designs.

(a) Phase A (b) Phase B (c) Phase C

Figure 6.22: Simpli�ed �ux paths for each phase in isolation.

6.4.1.3 Challenges

Because the tubular FRM does not have a true 3D �ux path, it can be constructed

from laminations in the transverse direction, but this would require multiple lamination

cross-section shapes for the stator.

At smaller scales it can be simpler and more cost-e�ective to construct the machine out

of a solid block of Soft Magnetic Composite (SMC), producing a more robust construction

due to independence from laminations. Although this may require modular design or

a bespoke manufacturing process as the author in [185] was required to glue together

multiple 20 mm long SMC blocks to form a stator.

6.4.2 FEA Model

In this research, the tubular FRM is modelled via FEA to address its electromagnetic

performance at a suitable scale for comparison to the synchronous machine. To account

for any interphase leakage and end e�ects, the machine must be simulated in full 3D FEA,

incurring long solution times, hardware limitations, and a strict limit on the maximum

model size. This is a limiting factor to the scale of comparison and restricts the model to

prototype scale. The FEA software used is the same as in previous chapters.

6.4.2.1 Mesh Density

The chosen mesh density of the model is shown in �gure 6.23 without the mesh density

of the air regions shown. This mesh was selected as a compromise between accuracy and

solution time and has a tight mesh around the airgap, magnets, and teeth, which loosens

up at the stator and translator cores where the rate of change is lower. It was found for

the model that increasing the polynomial order of the solver had a greater impact than

tighter meshing on solver time.
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Figure 6.23: Mesh utilised in the study.

6.4.2.2 Winding Considerations

Because this topology is constructed of six discrete stator poles, each with a single con-

centrated coil encompassing all magnetic occupying the tooth, it is possible to have a

much larger number of turns per stator pole. The winding can theoretically occupy the

full area between stator poles, but they were restricted to occupy 50% of the available

space (�gure 6.20a) with an addition assumption that the �ll factor is 0.5.

6.4.2.3 Geometry

The geometry of the FRM is presented in table 6.3. Due to the salient design of the

FRM stator, it is required that it have a more complex geometry and occupy su�cient

space such that the pole arms are long enough to �t coil windings, and the core depth

can handle the transfer of �ux without saturating.

The translator tooth ratio, that is, the width of translator teeth relative to its pitch

was found to be 0.2 in chapter 4 for a rotary FRM and is also adopted here.

6.5 FRM Coil Turns and Inductance

The electrical circuit of phase in the generator is given in �gure 6.24.

In this circuit, the power factor is in�uenced by the impedance triangle:

Where θ is the phase angle. Incorporating Ohm's law, and assuming the current is

supplied in phase with the back EMF, the vector diagram becomes:

In this circuit, the inductive reactance is given by:

XL = ωL (6.8)

Where ω is the angular frequency and L is the inductance, given by:
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Parameter Value

Constraint Driven
Stator Axial length 200 mm

Airgap length 5 mm
Design Variables

Translator radius 200 mm
Translator tooth ratio 0.2
Stator magnet poles 12
Stator tooth angle 45◦

Stator arm attachment angle 22.5◦

Magnet height 10 mm
Coil turns 20
Driven Variables

Translator pitch (τt) 16.7 mm
Translator tooth height τt
Translator tooth width 3.34 mm
Translator core height τt · 3

2

Stator core height τt · 3
2

Stator arm height 3τt

Table 6.3: Constraint driven variables

VT

R

VR

L

VL

Figure 6.24: Generic phase circuit of a generator.
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Figure 6.25: Impedance triangle of an RLC circuit.
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Figure 6.26: Ohms triangle of an RL circuit.

L = µ0
N2A

l
(6.9)

Where µ0 is the permeability of N is the number of turns, A is the core cross-sectional

area, and l is the coil sinusoidal length.

From �gure 6.25 and �gure 6.26 the power factor is calculated as:

PF = cos(θ) (6.10)

The power factor is therefore largely driven by the relative di�erence between circuit

resistance and reactance. The machines presented in this thesis consist of inductance

and internal resistance, with no capacitance present. With no capacitance, current lags

voltage and power factor is most in�uenced by inductance as de�ned in equation (6.9).

The inductance is proportional to the square of the number of turns, suggesting that this

parameter should be restricted to maintain an acceptable power factor, due to the FRM

reputation of low power factor.

The power factor of a Variable Reluctance Permanent Magnet (VRPM) machine was

given in equation (3.2) and is repeated here:

PF =
1√

1 +
(

LsI
ΨM

) (6.11)

The power factor here is also improved through the reduction of inductance, but also

current restriction or improvement of �ux utilisation. It was found that across a range of

current densities and without alteration of the geometry, turns higher than 20 yielded a

very low power factor, and would require a signi�cant power electric converter to correct

it.

6.6 FRM FEA Simulations

6.6.1 Cogging Shift

The �ux linkage with coils separated is shown in �gure 6.27. Here the shift between coil

sides can be seen, with the shifted side lagging. It can also be noted that in phases A and
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C there is a magnitude di�erence of 23% between phase sides. In the proceeding results,

the coil sides are joined together and presented in three-phase form.
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Figure 6.27: Flux linkage with coil phases separated.

6.6.2 Unloaded Simulations

6.6.2.1 Flux Linkage and Voltage

The �ux linkage and voltage are presented in �gure 6.28. At this scale, and geometry, the

voltage and �ux linkage magnitude are relatively small due to the small number of turns

and unoptimized �ux concentration.
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Figure 6.28: Generator performance with no electrical load
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6.6.2.2 Flux Distribution

The �ux distribution and direction of �ow are presented in �gure 6.29. Here it can be

seen that the �ux concentration in unloaded conditions, the �ux density is fairly low

throughout the machine. This suggests that the machine is at low risk of saturation, and

the stator and translator cores could be further optimised to reduce their mass.

Figure 6.29: Flux density plot with arrows showing �ux direction.

6.6.3 Loaded Simulations

6.6.3.1 Current Density Comparison

The generator was simulated with an AC current load, where the current density is varied

from 1 to 2 Arms/mm2 and the results are presented here. Figure 6.30 shows the electro-

magnetic behaviour across this range. As with the LTSM results, the �ux linkage and

voltage increase are approximately proportional to the square of the current density. The

thrust force has a �xed ripple magnitude and increases linearly to the current density for

the range plotted where there are few non-linear e�ects from saturation.

6.6.3.2 Power and Losses

The powers and losses present in the generator are shown in �gure 6.31. It can be seen

from �gure 6.31b that the iron losses are proportionally low, with the ohmic losses broadly

dominating the total. The generator achieves a low e�ciency of 30% - 40% decreasing

with current. The power factor on the other hand is near unity at low power levels, but

quickly drops o� to 0.5 at 2 Arms/mm2.
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Figure 6.30: Generator performance with variable current load.
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Figure 6.31: Power and losses with variable current load.
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6.6.3.3 Flux Distribution

The distribution of �ux within the generator at zero displacement is presented in �g-

ure 6.32 and displays little change from the unloaded state, con�rming minimal saturation

in the machine.

Figure 6.32: Flux density plot with arrows showing �ux direction at 3 A/mm2.

6.7 Reduction of FRM Airgap

6.7.1 Challenged to large airgap VRPMs

Machines from the VRPM family operate by �ux transferring from the stator magnet

to the translator tooth. As such, they perform best with a small airgap with minimal

leakage. A simple reluctance network is shown in �gure 6.33.

For an ideal power factor, a high proportion of the �ux is expected to transfer through

the tooth, and not leak to nearby magnets; this is generally the case when the magnet

width or height is larger than the airgap. In this scheme, the reluctance can be approxi-

mated as:

Rg =
Lg

µ0A
(6.12)

And

RL =
τm
µ0A

(6.13)

Because the area and permeability are equal, the reluctances are proportional to the

length component. Hence, the most favourable �ux path into another magnet rather than
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Rg RL

τm

Lm

Lg

Figure 6.33: Reluctance network of a VRPM pole pair.

across the tooth at large airgap lengths. Because this machine is not operating near the

level reported in literature [185], the impact of airgap is investigated by setting the airgap

to 1 mm in this section.

6.7.2 Unloaded

6.7.2.1 Electrical

With the airgap reduced to 1 mm, in unloaded conditions, the �ux and voltage shown in

�gure 6.34 are magni�ed by a factor of 6.
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Figure 6.34: Electromagnetic results with no electrical load.

6.7.2.2 Cogging Forces

The cogging forces are shown in �gure 6.35 and display that the X and Y axis forces are

of similar magnitude, but the Y axis forces oscillate at a higher frequency and contain

more complicated harmonics.
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The Z force highlights that the Z force in �gure 6.35, was not numerical error, but

implies that there is a near-constant axial force with displacement.
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Figure 6.35: Forces with no electrical load.

6.7.2.3 Flux Distribution

In the FEA �ux distribution it can be seen that with a reduced airgap, there is a greater

level of �ux transferring into the stator in �gure 6.36.

6.7.3 Loaded

The machine was simulated at 2 A/mm2 of AC load and the results are presented here.

6.7.3.1 Electrical

At the given load, there is minimal di�erence in �ux linkage and voltage as compared to

the unloaded conditions (�gure 6.37).

6.7.3.2 Force and Power

The force and power are shown in �gure 6.38. There is also little di�erence in the mag-

nitude of force production, but there is a clear thrust force with a 210 N peak value; a

similar magnitude to that presented in [185]. At this level of loading, a modest e�ciency

of 32.8% is achieved.

6.7.3.3 Flux Distribution

The �ux distribution (�gure 6.39) when loaded shows that there is �ux �owing through

the machine, but it is still far from saturation or heavy loading.
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Figure 6.36: Flux density plot with arrows showing �ux direction, with no electrical load.
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Figure 6.37: Electromagnetic results with 2 Arms/mm2.
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Figure 6.38: Power performance at 2 Arms/mm2.

Figure 6.39: Flux density plot with arrows showing �ux direction, with 2 Arms/mm2 AC
current.
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6.8 Discussion of Comparison

In the preceding sections, two con�gurations of integrated pistons were presented: a wide

radius fully integrated LTSM and a small radius tubular FRM. The results of each are

presented here.

6.8.1 Geometry

The FRM is much freer in terms of geometric design. The stator's slotted and salient

nature presents a great opportunity for magnetic and mass optimisation. On the other

hand, the LTSM has a stator that is �xed as a solid steel and copper tube. Furthermore,

because the FRM adopts concentrated pole windings in the axial direction, lower ohmic

losses are achieved by using shorter windings overall. This factor also means that the

FRM is better suited to larger device radii while restricting winding length. Additionally,

because the FRM has much more space between stator poles, it is possible to have a larger

number of coil turns around each tooth as compared to the LTSM, further increasing

performance potential.

However, the FRM also has the most complex geometry out of the two, requiring

a well-thought-out and costly manufacturing process, or acceptance of lower-performing

SMC materials.

A tabulated comparison of the two designs is shown in table 6.4. Here it can be seen

that the volumetric and mass di�erence between the two machines is approximately half,

despite the large di�erence in radius. The translator and stator of the PMSM have thin

walls relative to the radius, which for the di�erence. Due to the large radius and small

thickness, this may imply a �rmer requirement for structural materials.

6.8.2 Electrical Performance

The LTSM far outperforms the FRM in terms of all electrical performance parameters,

achieving much greater �ux linkage and thrust force for comparable current density, even

when comparing them as a function of force density or active area. Furthermore, the

e�ciency of the FRM is much lower than the iron cored LTSMs across all values of

current density.

The major cause for the di�erence in electrical performance is the poor power factor

inherent to the FRM design, made worse in tubular form through multiple end e�ects and

leakage �ux around the small magnet poles. The FRM topology presented here has not

been optimised for power factor, and is in critical need of geometric optimisation, either

in the form of optimising coil geometry for inductance reduction (equation (6.9)), or by

enhancing the magnetic circuit through geometric adjustments or the inclusion of �ux

concentration (equation (6.11)). Additionally, the VHM would likely require a signi�cant

power converter to overcome the low power factor in practice, increasing system costs.
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Parameter Iron Core PMSM Tubular FRM

Geometry (m)
Stator length 0.2

Translator radius 1.25 0.2
Magnet height 0.01

Volume (m3)
Translator 0.0093 0.0107
Stator 0.0402 0.0147
Magnets 0.03129 0.0003
Coils 0.032 0.02123
Total 0.113 0.047048

Mass (kg)
Translator 71.436 82.17
Stator 307.62 112.12
Magnets 219.03 13.854
Coils 287.12 191.08
Total 885.21 399.18

Table 6.4: Tabulated comparison of the two designs. The airgaps used are 5 mm and 1
mm for the PMSM and FRM respectively.

Parameter
Iron Core
PMSM

Tubular FRM Rotary FRM

Open circuit voltage (V) 1350 12 187.8
Flux linkage (Wb) 18 0.08 2.8

Average thrust force (N)
@2Arms/mm2 9520 210 2548 (Nm)

Thrust force ripple (%) 37.82 40 11.48
Cogging force (N) 1900 1850 30 (Nm)

Shear stress (kN/m2) 6.06 0.37 42.99
Power density (kW/m3) 23.92 1.39
Force density (kN/m3) 84.33 4.47

Table 6.5: Tabulated comparison of electric machines. The airgaps used are 5 mm and 1
mm for the PMSM and FRM respectively.
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Inside the context of this case study, the FRM is subject to several geometric and

conceptual constraints. It would achieve a better power factor if it were permitted longer

stator pole height or focused magnet arrays. It is also likely that the topology performs

better at full scale.

6.9 Conclusions

In this chapter, a case study has been conducted for selecting a directly driven power

take-o� for a fully rated and speci�ed IPS Buoy. Two machine topologies and several

variants have been selected for analysis, optimisation, and comparison in terms of their

suitability in the wave energy converter.

First, the terms, constraints, and goals of the case study were laid out using the �ndings

from previous chapters. An IPS buoy was sized and rated from a selected wave resource

location with the methodology of sizing fully explained, and the hydrodynamic motion of

the device presented. The required parameters of the power take-o� were also highlighted

here. Possible con�gurations of integrating a generator into a neutrally buoyant piston

with di�erent levels of integration were also explained along with their impacts on the

design requirements.

Two types of direct drive electric machines were considered as the power take-o� mech-

anism, a baseline synchronous machine (LTSM), and a Flux Reversal Machine (FRM),

both of which are tubular and required to �t into the geometric constraints of the IPS

buoy. The LTSM is applied to the fully integrated piston, and the FRM into a lesser in-

tegrated design. For each machine and variant considered, simulations were conducted in

FEA for both loaded and unloaded conditions, with the electrical performance discussed

afterwards.

For the LTSM, four variants were considered, two air-cored designs, one hybrid core,

and one fully iron core. Each variant was simulated at varying pole numbers, and current

densities to �nd the most performant variation. It was found that the variants containing

iron achieved higher induced voltage, and higher thrust force when loaded. However, at

lower stator pole numbers, they experience large cogging force amplitudes and force ripple.

Moreover, it was found that the large radii and tubular windings led to uncommonly large

ohmic losses under loaded conditions. The high losses excluded the air-cored variants

from being feasible options as they were incapable of producing su�cient force without

low e�ciency. The hybrid core and iron core performed much better, meeting the design

speci�cation with acceptable e�ciency, particularly in the fully iron-cored machine.

The tubular FRM was introduced as a comparison to the LTSM under the same design

requirements as a 3D FEA model. The FRM was simulated under loaded and unloaded

conditions and the results were discussed in the same manner as above. It was found that

the FRM su�ered from a very low power factor in its unoptimized state. A high inductance

restricted the coils to around 20 turns to avoid a dropping power factor, thereby limiting

the back EMF to low values.
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Ultimately, the tubular FRM was not able to compete with the LTSM at this scale

and design requirements.
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Chapter 7. Conclusions and Future Work

7.1 Contribution to Knowledge

The key contribution of this research is the development of an integrated design �ow

for the design of an all-electric heaving IPS Buoy. This includes the development of

hydrodynamic and hydrostatic models, wave state analysis tools, simulated model, and a

codebase for rapid design and organised FEA simulations in MATLAB.

The contributions of this thesis are summarised here as:

� Developed an approach to the co-design of a direct drive power take o� and an IPS

buoy wave energy converter.

� Co-designed a marinized IPS buoy with two methods of generator integration, high-

lighting the challenges involved in each method.

� Carried a wave energy concept from wave resource location to a fully designed device

proposition.

� Compared a rotary Flux Reversal Machine (FRM) and VHM for application in an

existing hinged wave energy converter. Investigating the impact of rotor tooth width

on cogging harmonics content and revealed options for cogging torque minimisation.

� Developed a hydrodynamic model for the transient simulation of an IPS Buoy os-

cillating in heave, and an analytical model for the design of a neutrally buoyant

IPS Buoy piston. Applied the models to aid in the co-design and uncovered the

implications of fully integrating a generator into an IPS Buoy piston.

� Compared a tubular VHM against a baseline synchronous generator to ascertain its

suitability for use in an IPS Buoy with strict performance and geometric constraints.

Found that in the synchronous topologies it can be better for an iron core to be

used despite the added mass due to in increased performance across large airgaps.

7.2 Suggestions for Future Work

This thesis is a combination of several �elds of research brought together as one and

hopes to encourage further integration for the design of wave energy converters. The

recommendations for future work are:

� Incorporate a marinized generator into the IPS Buoy with less coupling to the IPS

Buoy piston geometry. When integrated into the piston, the generator creates a

cyclical constraint and is unlikely to scale well with radii.
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� Integrate the optimisation of structural mass into the combined design approach.

Direct-drive electric machines are highly dependent on strong structures to hold

their shape, and it may have an impact on hydrodynamic performance.

� Inclusion of the antifouling mechanisms into the hydrodynamic model.

� Optimisation of antifouling devices to reduce minimum airgap clearance required.

� It would be interesting to extend this research without the aim of marinized gener-

ators, instead considering placing the generator inside the device's �oat.

� Power electric converters should also be included in the design study to address

conversion costs for a complete system.

7.3 Conclusion

In this research, a multidisciplinary design study has been conducted for a real wave

energy converter, incorporating hydrodynamic and electric machine analysis.

A Vernier Hybrid Machine (VHM) was compared against a Flux Reversal Machine

(FRM) in a case study for application in a Mocean Blue Star hinged wave energy converter.

It was found that the electrical performance and cogging torque are highly dependent on

rotor tooth width, allowing the FRM to achieve 5% higher induced voltage with acceptable

cogging torque.

Analytical hydrodynamic models were developed for an IPS buoy operating in heave

and a 1 m radius device proposed for deployment in Blyth, UK, using historical wave data

as a guide.

The FRM was compared against a Permanent Magnet Synchronous Machine (PMSM)

for integration into the IPS buoy as a fully integrated and marinized generator. Both

topologies were designed to integrate into the IPS buoy piston and were tubular machines.

It was found that the tubular FRM performed poorly due to a large airgap required for

the antifouling mechanisms and the PMSM was shown as a more suitable generator.

It has been found in this research that co-designing a wave energy converter and power

take o� is a challenging task with cyclical and occasionally con�icting dependencies. But

the task is of critical importance to �eld of wave energy so that developers can quickly �nd

out which topologies are promising devices that can be prototypes and build con�dence

in the �eld, without spending too much time on topologies that have no realistic power

take o� options.
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